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COVER PHOTO: LANDSAT image (Band 7) showing the western part
of the Appalachian Valley and Ridge and Cumberland Plateau of Ten-
nessee. Leonard Harris, to whom this contributions volume is dedicated,
did much of his field work on the Pine Mountain block and adjacent parts
of the Valley and Ridge province.
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Leonard D. Harris
1925-1982

Leonard D. Harris was born in Kansas City,
Missouri, on March 10, 1925, and died in the
Washington, D. C. area on Jul y 27, 1982. He served
with the U.S. Marine Corps in the South Pacific
during World War II, participating in amphib-
ious operations against the Japanese. After the
war he obtained a bachelor's degree in geology
from the University of Missouri in 1949 and in
1950 joined the U.S. Geological Survey.

Leonard was first and foremost an able field
geologist. He began his mapping for the U.S.
Geological Survey with a short tour in the Oua-
chita Mountains. In 1952 he moved to the Ap-
palachians to work in the coal fields, where he
mapped and compiled coal resource information
in Kentucky and studied deep oil and gas tests
in West Virginia. He began his studies of the
Valley and Ridge shortly thereafter and, with
Ralph Miller, published his first geologic quad-
rangle report "The Geology of the Duffield Quad-
rangle, Virginia" in 1958. In 1958 Len started
a regional project in the southern Appalaehians

which was designed to test the thin-skinned hy-
pothesis by mapping a block of quadrangles
across the Valley and Ridge. This projeet, whieh
resulted in detailed field mapping of eisht 7yz-
minute quadrangles and in several regional stra-
tigraphic and structural geology studies in the
imbricate thrust belt of eastern Tennessee and
southwestern Virginia, provided him with the
experience essential for his subsequent regional
studies and syntheses of Appalachian fold and
thrust belt tectonics.

Leonard had many andfiverse career interests
and a curiosity that wa's constantly stimulated
by his work in the field. He often said that he
approached each study using "imagination and
geo-logic." He wrote papers on stratigraphy, fa-
cies, and depositional environments; on paleoto-
pography and paleoaquifers; and on Appalaehian
structure and tectonics. Len was interested in the
Knox Group and its mineral resource potential,
both as a reservoir for oil and gas and for its
Mississippi Vally-type ore deposits. He revised
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and refined the stratigraphy of the group, des-
eribed its algal stromatolites, and developed a
regional dolomitization model that showed how
widespread, thiek earbonate sequences could be
altered in subtidal environments.

As part of his work for the Branch of Eastern
Environmental Geology, Len made an exhaustive
environmental study of Knox County, Tennessee.
In one map series he (and several associates)
compiled and published data on the geology,
mineral resources, land slopes, and urbanization,
stratigraphy, structure, sinkholes, soils, engi-
neering geology, and flood potential in Knox
County.

During the later part of his career, after the
oil embargo of 1973 had focused national atten-
tion on the need for domestic petroleum resources,
Len returned to his interests in regional studies
related to Appalachian hydrocarbon potential.
Philosophieally, he was a converted thick-
skinner, and although little data were available
to the public to prove thin-skinned deformation
of the Appalachians even in the early 1970s, Len
had accepted and endorsed the concept. He ob-
tained a short Vibroseis profile in eastern Ten-
nessee from Geophysical Services, Inc. and with
their permission in 1976 published his interpre-
tation, whieh demonstrated the nature of thin-
skinned tectonies in the Tennessee imbricate
thrust belt. When the Tennessee Division of Geol-
ogy, under contract to the U.S. Department of
Energy, was conducting regional Vibroseis sur-
veys of the Valley and Ridge in 1977, Len eon-
vinced the U.S. Geologieal Survey to contribute
to the project while it was in mid-shoot. This
'Survey contribution allowed one of the lines to
be extended entirely across the Valley and Ridge
to the toe of the Blue Ridge, where it became
evident that about 23,000 ft of Paleozoic strata
were projecting eastward beneath crystalline
overthrusts. The success ofthe Tennessee surveys
encouraged Len to pursue this line of research,
and the resulting regional seismic profiles by the
U.S. Geological Survey in Tennessee and North
Carolina, and later in Virginia, are fundamental
to our understanding of Appalachian thrust sys-
tems. Leonard provided the inspiration, justifi-
cation, and leadership in the U.S. Geologcal Sur-
vey Branch of Oil and Gas Resourees that was
neccessary to seeure appropriate funding for the
contract geophysical work and to interpret data
once they were obtained.

These studies, and others concerned with re-
gional structural and stratigraphic syntheses and
with thermal maturation of Paleozoic strata in

the Appalachians, provided basie geologic data
essential for exploration in the reEion. Leonard
worked with and instructed many company Eeol-
ogists interested in exploring the Appalachians
for oil and gas. He contributed greatly to their
understanding of this complex geology. Len was
an excellent speaker, conducting numerous sem-
inars, both formal and informal, for company
geologists. He was at his best, however, when
leading fields trips and discussing thin-skinned
tectonies with those most important exposures
providing the background for understanding Ap-
palachian structural geology.

Leonard was a hard-working and dedicated
individual. He gave much more to his associates
than he expected in return. His natural ability,
intelligence, hard work, dedication to the profes-
sion, and unabated euriosity concerning Appa-
lachian geology constantly stimulated and in-
spired those of us associated with him to
vigorously pursue our own, often related studies.
When he began working in the Appalachians, the
thick-skin-thin-skin debate was unresolved.
When he finiched, regional geologic and geophys-
ical surveys funded by industry and government
had provided a great deal of detailed information
coneerning the framework of the Appalachian
basin and the geometry of Appalachian thrust
systems, and overthrusting of Valley and Ridge
Paleozoic rocks by Blue Ridge and Piedmont
cystalline rocks had been clearly demonstrated
by extensive seismic profiling-he had played a
leading role in the proeess.
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ABSTRACT

The crystalline rocks in the Piedmont of the
Potomac Valley occur in three tectonic motifs of
allochthon and underlying precursory melange
that are overlain unconformably by the Popes
Head Formation of probable Cambrian age. The
highest teetonic motif consists of the Piney

Branch Complex (an ophiolite fragment) and the
Yorkshire Formation; the middle motif consists
of the Peters Creek Schist (a submarine fan that
contains ophiolitic debris) and the Sykesville For-
mation; and the lowest motif consists of the An-
nandale Group (a submarine fan that does not
eontain ophiolitie debris) and the Indian Run
Formation. All these rocks and the Popes Head
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Formation are older than the Oceoquan Granite,
which has been dated at 560 Ma by Pb-U tech-
niques on zircon and at 494t14 Ma by whole roek
Rb-Sr techniques and is herein thought to be
probably of Late Cambrian age.

Structural analysis of the Popes Head Forma-
tion, Annandale Group, and Peters Creek Schist
shows that the Popes Head eontains three fold
phases and that the other units have had more
complex structural histories, that of the Peters
Creek Schist being the most complex. The Oc-
eoquan Granite appears to have been emplaeed
synkinematically during the oldest fold phase in
the Popes Head Formation. If the Occoquan is
of Late Cambrian age, the deformation in the
Popes Head dates from the Penobscot orogeny.
Older structures in the Annandale Group and
Peters Creek Schist are overprinted by all de-
formations experienced by the Popes Head and
are thoight to date from the Cadomian orogeny.

Cadomian and Penobscot deformations have
not been reeognized in rocks that can be certified
as North American, so this part of the Piedmont
should be eonsidered a suspect terrane or ter-
ranes. The different lithoteetonic environments
represented bythe Piney Branch Complex, Peters
Creek Schist, and Annandale Group suggests that
they are mashed-together terrane fragments. Af-
ter their assemblage, Popes Head sedimentation,
and Penobscotian deformation, they formed the
composite Potomac terrane. On the west, in south-
ern Maryland, the Potomac terrane is in contact
with the Ijamsville Phyllite. This contact is
marked by a zone of phyllonitized Peters Creek
and may be the Taconian suture in this part of
the Appalachians.

INTRODUCTION

A current major thrust in Appalachian geology
is an attempt to correlate the geologic history of
this orogen with that of the Caledonian, Hercy-
nian, and Mauritanide orogens of the British
Isles, Europe, and North Africa through the
International Geologic Correlation Program's
(I.G.C.P.) Project 27. L major topic of this pro-
gram is time-of-deformation.

Times of deformation are difficult to determine
in the central Appalachian Piedmont because,
with a few exceptions, the rocks are unfossilif-
erous. The exceptions are some of the earbonate
roeks in southeastern Pennsylvania, which are of
Cambrian and Early Ordovician (?) ase (Freed-
man and others, 1964; Higgins, 1973), and the
Quantico Formation of Late Ordovician age (Pav-

lides and others, 1980). This situation is further
complicated by the total lack of Silurian and
younger eover roeks. There has been a tendency
to ascribe various phases of deformation to the
orogenic periods recognized in the foreland and
successor basins to the west, that is, the Taconian,
Aeadian, and Alleghanian (see for example,
Amenta, 19?4; Freedman and others, 1964; Hig-
gins, 19?3). Crowley (1976) inferred that defor-
mation in the Baltimore area resulted from the
Taconic orogeny, whereas Fisher (1970) cau-
tiously aseribed the deformation along the Po-
tomac River to a single, complex, but essentially
unified orogeny, which took place mainly in Pal-
eozoie time. Hopson (1964), taking a longer view,
perhaps because he believed that many of the
rocks in the Maryland Piedmont were of Late
Proterozoic age, recognized that the deformation
there was as least as old as syntectonically em-
plaeed quartz diorite plutons dated at about 500
Ma and the quartz monzonite plutons dated at
about 3?0 Ma were either latest syntectonic or
post-tectonic. Pavlides (1973) recognized evi-
dence for a deformation in the Chopawamsie
Formation of Early Cambrian(?) age that is ab-
sent in the overlying Quantico Formation of Late
Ordovician age in the central Virginia Piedmont.
Pavlides and others (1982) reported recumbent
folding and thrusting in the Fredericksburg,
Virginia area that postdates the emplaeement
of plutons dated at 410 Ma, suggesting major
Acadian deformation. In the same general area,
other plutons dated at 300-325 Ma are strongly
to weakly foliated, suggesting Alleghanian defor-
mation (Pavlides and others, 1982). In the Pied-
montof the Potomac Valley, all the metamorphic
roeks are older than the Occoquan Granite (Drake
and Lyttle, 1981), whieh has been dated at 560
Ma by U-Pb teehniques on zircons (Seiders and
others, 19?5) and at 494 t 14 Ma by Rb-Sr
wholerock techniques (Mose and Nagel, 1982).
Mueh of the deformation in the Potomac Valley
was recognized as predating the emplacement of
the Occoquan Granite (Drake and Lyttle, 1981).
Deformation in the Potomac Valley then was
described as being Taconian or older. It is clear
now, however, that the Occoquan Granite is of
Cambrian age and that the structural features
that predate it are of Cambrian or older age,
perhaps both. The purpose of this paper is to
describe some of the structural features in the
metamorphic rocks of the Potomac Valley, to
attempt to place them in their proper orogenic
context, anil to evaluate the tectonic implications
of thesq observations. Some of these ideas were
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presented at a Penrose Conferenee on the timing
of orogenie activity in the Appalachian-Caledo-
nian orogenic system in 1981, and the thesis of
the paper was presented at a symposium, ,,Tec-

tonics and Stratigraphy of Virginia,,, held in
honor of the late Leonard Harris in 1988 at the
annual meeting of the Virginia Academy of Sei-
ence (Drake, 1983). The data upon whieh this
paper is based were gathered during my mapping
of the crystalline rocks of Fairfax County, Vir-
ginia, at the scale of 1:24,000, which led to the
preparation of a preliminary geologic map of that
county at the scale of 1:48,000 (Drake and others,
1979). I am indebted to Philip Osberg for prod-
ding me to come to grips with the reality of the
evidence for pre-Taconian deformation in the
Potomac Valley.

REGIONAL GEOLOGY

The metasedimentary, metavolcanic, and
transported intrusive roeks in northern Virginia
oceur in a stack of four lithotectonic units (Figure
1). The youngest and highest of these, the Popes
Head Formation, unconformably overlies all the
other units that constitute three thrust sheet-
precursory tectonie melange pairs that have been
termed "teetonie motifs" (Drake, in press). The
highest of these motifs eonsists of the piney
Branch Complex and Yorkshire Formation
(Drake and Morgan, 1981, 1983), the middle motif
consists of the Peters Creek Schist and Sykesville
Formation (Drake and Lyttle, lg81; Drake and
Morgan, 1981, 1983), and the lowest motif consists
of the Annandale Group and Indian Run Forma-
tion (Drake, 1983).

Popes Head Formation

The Popes Head Formation (Drake and Lyttle,
1981) unconformably overlies all the other litho-
teetonic units and consists of a lower Old Mill
Branch Metasiltstone Member and an upper Sta-
tion Hills Phyllite Member. Both members con-
tain interbedded felsic and mafic metatuff. These
rocks have been interpreted as belonging to Bou-
ma's turbidite sequence T6" and to Mutti and
Rieci Lucchi's (1978) turbidlle faeies D, suggest-
ing deposition from weak turbidity flows (Drake
and Lyttle, 1981). Drake and Lyttle (1981) have
suggested that the formation results from the
bilateral filling of a back-arc basin. The typical
mineral assemblage of rocks of the Popes Head

Formation is quartz-muscovite-biotite-plagio-
clase-chlorite, and it is at biotite grade of met-
amorphism. The unit has a maximum thickness
of more than 1,000 m.

Piney Branch-Yorkshire Motif

The Piney Branch Complex, which is believed
to be a fragment of a large dismembered ophiolite
(Drake and Morgan, 1981), is an intimate mixture
of highly metamorphosed ultramafie and mafic
rocks, which are now serpentinite, soapstong,
actinolite sehist, and metagabbro, all intruded
by small dikes and sheets of plagiogranite. The
complex laeks discernible order and is thought
to be a tectonic melange resulting from the au-
toclastic deformation of a layered complex that
contained repetitive cycles of ultramafic and
mafic layers (Drake and Morgan, 1981, 1983). The
rocks within the complex have been metamor-
phosed to mineral assemblages stable in the
greenschist facies of regional metamorphism,
and almost no relict original minerals survive
(Drake and Morgan, 1981).

The Yorkshire Formation forms a thin diseon-
tinuous lower border to the Piney Branch Com-
plex. This formation is a sedimentary melange
that has a quartz-plagioclase-chlorite matrix and
eontains small to large fragments of the overlying
Piney Branch Complex as well as quartz and
foreign rock types. The unit has been interpreted
as a precursory melange to the Piney Branch
(Drake and Morgan, 1981, 1983).

The Yorkshire, like the Piney Branch, contains
mineral assemblages stable in the greenschist
facies of regional metamorphism. The Yorkshire
and the overlying Piney Braneh Complex consti-
tute the highest tectonie motif in northernmost
Virginia, and the two units together compose the
Piney Branch allochthon. This allochthon is
thought to have had a multiple movement history
which involved the subaqueous emplacement of
the Piney Branch upon the Yorkshire and the
later thrusting of this motif onto the Peters Creek
Schist (Drake and Morgan, 1981). The discontin-
uous nature of the Yorkshire is thought to reflect
partial shearing out during the later thrust event.

Peters Creek-Sykesville Motif

The Peters Creek Schist (Drake and Morgan,
1981) consists of quartz-rich sehist and gray-
wacke. Its general charaeteristics suggest that
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it is a turbidite deposited under fairly high en-
erga conditions in a large submarine fan (Drake
and Morgan, 1981). In northern Virginia and
Maryland, the Peters Creek characteristically
contains large olistoliths of ultramafic rocks
(Drake and others, 1979; Froelich, lg?b) and is
considered to be a type of ophiolitic melange
(Drake and Morgan, 1981, 1983). The presence
of the Ultramafic olistoliths suggests that the
Peters Creek may have been deposited on or
adjacent to oeeanic crust.

The Peters Creek Schist is polymetamorphic.
It has undergone a major prograde event and
ranges from ehlorite grade in the west to silli-
manite grade in the east (Fisher, 1968, l9?0;
Drake and others, 1979; Drake and Morgan, 1981;
Drake, 1985) the highest grade roeks and mig-
matites become severely sheared and are retro-
gressively metamorphosed to ehlorite-sericite
phyllonites. The last metamorphic event recog-
nized in these rocks was the growth of ehloritoid
within shimmer aggregate pseudomorphs of
staurolite, andalusite, and garnet (Drake, lg80),
and, in places,"new muscovite and biotite have
formed.

The Sykesville Formation (Drake and Morgan,
l98L) is a complicated sedimentary melange that
has a light- to medium-groy, medium-grained,
quartz-plagioelase-muscovite-b iotite-chlorite
matrix that loeally contains sparse amounts of
garnet. Set in this matrix are charaeteristic
quartz lumps as well as fragmentsof serpentinite,
metagabbro, felsic and mafic metavolcanic roeks,
Peters Creek Schist, and other exotic rock types.
The olistoliths of ultramafie and mafic rocks were
also deformed before being introduced into the
Sykesville (Drake and Morgan, 1981, l98B), and
the olistoliths of Peters Creek are invariably
foliated and polydeformed and in many places
are migmatite. Directly beneath the phyllonit-
ized Peters Creek, the Sykesville is choked with
fragments of Peters Creek phyllonite (Drake and
Morgan, 1981, 1983).

The Peters Creek Schist was lithified, meta-
morphosed, deformed, migmatized, and phyllon-
itized prior to Sykesville deposition, and it now
overlies its own debris within the Sykesville. The
Sykesville then is a classic precursory melange
(Elter and Trevisan, l9?3), and together with tle
overlying Peters Creek Schist, it constitutes the
structurally middle tectonic motif in northern-
most Virginia.

The mineral assemblage of the Sykesville sug-
gests that it is at biotite + garnet grade and there
is no evidenee of polymetamorphism.

Annandale-Indian Run Motif

The Annandale Group (Drake, 1985) consists
of the lower Aecotink Sehist and the upper Lake
Barcroft Metasandstone. The group was inter-
preted by Drake and Lyttle (1981) to be a coar-
sening-upward sequence of an outer submarine-
fan association of rocks. So far as is known, it
contains no fragments of ophiolitic rocks.

The Aceotink Schist (Drake and Lyttle, 1981)
is a quartz-muscovite-biotite-ehlorite-plagioclase
(garnet-magnetite-epidote) sehist that is charac-
terized by the Bouma (1962) turbidite sequenee
T" and T6. and was assigned to turbidite facies
D and E of Mutti and Ricci Lucchi (1978) bv
Drake and Lyttle (1981).

The Accotink is polymetamorphic. The first
metamorphism resulted in the growth of mus-
covite and biotite in the first-generation schis-
tosity, and the second metamorphism resulted in
the growth of new mica in a second generation
sehistosity as well as porphyroblasts of garnet
and chlorite (Drake and Lyttle, 1981). The unit
is at biotite +.garnet grade. Its thickness is not
known because its base is not exposed.

The Lake Barcroft Metasandstone (Drake and
Lyttle, 1981) eonsists of thick-bedded quartzo-
feldspathic granofels without interbedded schist,
and thin- to medium-bedded mieaceous meta-
graywaeke containing schist layers. The quart-
zofeldspathic granofels typically is a meta-ar-
enite, interpreted by Drake and Lyttle (1981) as
beinga sequenee of T"turbidites and as belonging
to turbidite facies 82 of Walker and Mutti (lgZB).
Micaceous metagraywacke has been interpreted
by Drake and Lyttle (f981) as belonging:to tur-
bidite faeies C of Mutti and Ricei Luchi (19?8)
and Walker and Mutti (1973).

The Lake Barcroft has had the same metamor-
phic history as the Accotink Schist and is at
biotite * garnet grade. As much as 400 m of the
unit is present in the Annandale ?.5-minute
quadrangle, where it is best exposed.

The Indian Run Formation (Drake, 1985), like
the Sykesville Formation, is a complicated sed-
imentary melange that has a quartz-plagioclase-
muscovite-biotite-chlorite matrix; it commonly
contains abundant garnet. The Indian Run ap-
pears to contain more plagioclase and phyllosil-
icate and less quartz than does the Sykesville.
Like the Sykesville it contains quartz lumps, but
they are generally fewer and smaller. In addition,
the matrix contains fragments of foliated felsic
and mafic metavolcanie rocks, metagabbro, and
ultramafic rocks. The ultramafic fragments, ei-
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ther serpentinite or soapstone, range in size from
microscopic to mesoscopic to mappable olistoliths
as long as 350 m. In addition to blocks of quartz
and mafic and ultramafic rocks, the Indian Run
contains fragments of Accotink Schist and Lake
Barcroft Metasandstone. It differs from the Sy-
kesville in that it does not contain Peters Creek
Schist olistoliths.

The Indian Run is overlain by the allochthonous
Annandale Group and together with those roeks,
it constitutes the lowest exposed tectonic motif
in northernmost Virginia. The Indian Run ap-
parently has undergone only one phase of pro-
grade metamorphism and is at biotite t garnet
grade.

Intrusive Rocks

The metamorphic roeks of the area have been
intruded by the Occoquan Granite, the Falls
Church pluton (Steidtmann, 1945) of tonalite and
trondhjemite, and smaller unnamed plutons of
tonalite (Drake and others,19791' Drake and Lyt-
tle, 1981; Drake, 1983). The Occoquan Granite
forms the small Occoquan batholith and several
satellitic plutons and consists mostly of monzo-
granite but has lesser granodiorite and tonalite
phases (Seiders and others, 1975). Only the north-
ern part of the Oceoquan batholith erops out in
the area of this study, and the border rocks here
appear to be largely tonalite. Seiders and others
(1975) obtained both coneordant and discordant
U-Pb ages of about 560 Ma from zircon from this
granite that suggest an Early Cambrian age.
Higgins and others (1977) questioned the zircon
ages and suggested that the zircons may have
inherited a component of older radiogenic lead
in seed crystals derived from Proterozoic base-
ment rocks. Seiders (19?8) pointed out that nei-
ther analytical nor textural evidence exists for
xenocrystic zircons in the Oecoquan Granite and
that there is no direct evidence that Occoquan
magma ever passed through zircon-bearing
Proterozoic basement rocks. More recently, Mose
and Nagel (1982) determined s Rf-Sr whole-rock
isochron age of the Occoquan of 494 t 14 Ma. In
my experience, Rb-Sr ages tend to be on the young
side. In any case, the Oecoquan almost certainly
is of Cambrian age.

The small tonalite plutons seem similar to the
tonalite of the Occoquan batholith and may be
cupolas of an as-yet-unroofed eomposite intru-
sion, as suggested by Drake and others (1979).
The Falls Church pluton is very poorly exposed,
but most of the rocks therein are identical with

the tonalite plutons and the tonalite of the Oc-
coquan batholith. The Falls Church Pluton does,
however, contain some trondhiemite. Unfortu-
nately, the relation of the trondhjemite to the
tonalite eannot be determined.

Two other types of intrusive rock, oecupying
areas too small to show at the scale of Figure
1, are also present. One rock type is light-gray
to pink, medium-grained muscovite monzogran-
ite containing lesser amounts of pegmatite that
intrudes the Accotink Schist and Indian Run
Formation and appears to predate the Occoquan
Granite (Drake and others, 1979). The monzo-
granite has not been isotopieally dated.

The other intrusive rock, the Bear Island Gran-
ite (Cloos and Cook, 1953), forms dikes and small
crosscutting intrusive bodies. A very leucocratic
rock, it ranges in composition from monzogranite
to albite granite and has been called quartz
monzonite, adamellite, granodiorite, leucotonal-
ite, and quartz diorite by various geologists (see

Hopson, 1964, for a summary). I choose to follow
Hopson (1964) and call the unit Bear Island
Granite because of its silieic nature, because the
plagioclase is albite, and because some specimens
contain as much as 18 pereent microcline. Many
bodies of Bear Island Granite locally coarsen into
pegmatite, and muscovite from two such pegmat-
ite bodies has been dated by Rb-Sr teehniques
at 469 + 20 Ma (Muth and others, 1979). The Bear
Island Granite appears to intrude only the Peters
Creek Schist.

AGES OF METAMORPHIC ROCKS

The ages of metasedimentary and metavolcanic
rocks cannot be directly determined and depend
on the age of the Occoquan Granite, which has
been shown to be of Cambrian age. The Occoquan
can be directly observed to intrude the Popes
Head Formation and rocks of the Annandale
Group (Drake and Lyttle, 1981). Map relations
clearly show that it intrudes the Sykesville and
Indian Run formations. The relation of the Oe-
coquan to the Peters Creek Schist, Piney Branch
Complex, and Yorkshire Formation cannot be
directly determined, but all these roeks are older
than the Sykesville and Popes Head formations;
therefore, they must be older than the Occoquan
and thus must be of Cambrian or older age. The
Popes Head Formation was originally defined as
beingof Cambrian or Late Proterozoic age(Drake
and tyttle, 1981). I now believe it to be of Cam-
brian age because of its unconformable relation
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to the other lithotectonic units and because the
Oceoquan may be younger than Early Cambrian
age.

The Annandale Group and, particularly, the
Peters Creek Schist have had much more com-
plicated struetural and metamorphic histories
than have their respective precursory melanges-
the Sykesville and the Indian Run formations-
and the young:er Popes Head Formation. This
suggests that the Annandale and Peters Creek
may be of Late Proterozoic age. The Sykesville
and Indian Run are probably of Cambrian rather
than of Late Proterozoi c age, but that is uncertain
at this time.

STRUCTURAL GEOLOGY

Stratigraphic and tectonic relationships indi-
cate that the pre-Popes Head rocks were as-
sembled into a staek of three tectonic motifs prior
to Popes Head deposition and also show that the
Popes Head was deposited before the emplace-
ment of the Oceoquan Granite of Cambrian age.
To arrive at the time (times) of deformation for
this area, the structural geology of the Popes
Head must be analyzed and compared with that
of the older rocks.

Folds in the Popes Head Formation

The Popes Head Formation lies within the
Clifton syncline (Figure 1). The outerop pattern
of the syncline suggests that it has been refolded
by two later fold phases. Direct observation in
the field and structural geometric analyses show
that three fold phases are present in rocks of the
Popes Head Formation. These fold phases, fol-
lowing the usage of Tobisch and Fleuty (1969),
are named for geographie localities where they
are well exposed, or for the major fold of a
particular phase.

Clifton Folils

The oldest fold phase in rocks of the Popes Head
Formation, the Clifton, is named for the Clifton
syncline, a major doubly-plunging structure that
contains the Popes Head Formation. As defined
by the extent of the Popes Head Formation, the
syncline has a strike length of at least 24 km.
Clifton folds have long planar limbs and most are
close to tight folds, commonly having interlimb
angles of less that 50"; some are isoclinal. Most
limbs dip steeply northwest. Hinges are difficult
to find in the field because of the tightness of

the folds, the strong axial planar phyllitie schis-
tosity, and later transposition. Because of this
problem, axial surfaces at many places are de-
termined by facing directions based on graded
beds. Poles to bedding in the Popes Head For-
mation (Figure 2A) plot on erossed great-eircle
girdles defining two fold axes, 81 and 82, reflect-
ing both the Clifton and a later fold event. The
axis B1 reflects Clifton folding and plunges 10oN.
14oE. as a result of sample bias from the south
end of a doubly plunging structure. That most
beds dip northwest reflects the overturned isoc-
linal folds of the Clifton phase, and the lack'of
moderate to gently dipping beds reflects the
narrow hinges of these upright folds. The axis
82 results from the later Fairfax fold phase that
plunges 60oN. 30oW.; this fold phase will be
diseussed below.

Axes of small folds of beddinglineations formed
by intersections of schistosity and bedding are
plotted on Figure 28 for the northern part of the
area and on Figure 2C for the southern part of
the area. These plots both define great eirele
girdles, a geometry that has been known for some
time to result from the refolding of earlier formed
lineations (Ramsay, 1960, 196?; Turner and
Weiss, 1963). Great-circle distribution of linear
elements is eommonly thought to result from the
slip folding of earlier structures, but Bayley
(1971) has demonstrated that in some cases, this
distribution can result from buckle folding. In
any case, lineations produeed by Clifton folding
have been rotated from their original, relatively
gentle, north-northeast or south-southwest
plunges (Figure 28) to a variety of moderate to
steep westerly plunges.

Refolding of Clifton folds is also shown by the
plot of poles to Clifton schistosity, which fall on
a partial great circle (Figure 2D). The axis to
this great circle and to folds of Clifton sehistosity
is 60o, N. 15oW., similar to Bz in the poles to
bedding plot. To summarize, Clifton folds are
tight, mostly overturned and isoclinal, long-
limbed folds that have a strong axial-surface
phyllitic schistosity. Where not rotated by later
deformation, they plunge relatively gently to the
north-northeast or south-southwest.

Aecotinlc Creelc Fokls

The outcrop pattern of the Popes Head For-
mation, particularly that of the Station Hills
Phyllite Member, strongly suggests that the Clif-
ton syncline and associated structures are folded
about somewhat more northerly trending axes



VIRGINIA DIVISION OF MINERAL RESOURCES

(Figure 1). Although diffieult to find, 11 such
folds were recognized in the Aceotink Creek and
Popes Head areas. These folds are named for
Accotink Creek in the northeastern part of the
Fairfax quadrangle (Figure 1). Aecotink Creek
folds deform both bedding and Clifton schistosity
in the Popes Head Formation, and at many places
these planar elements are transposed into a
strain-slip eleavage that is axial surface to Ac-
cotink Creek folds. Aecotink Creek folds are
dextral folds overturned to the southeast. They
are nearly coaxial with Clifton folds, and their
axes plot within the Clifton axial girdle (Figure
2B). The critical feature for field identification
of Accotink Creek folds is the recognition of
folded Clifton schistosity in fold hinges. These can
best be seen in exposures along Popes Head and
Aecotink creeks. They also are nearly coplanar
with Clifton folds, and their axial surfaces plot
within the Clifton schistosity girdle (Figure 2D).
For these reasons, Aceotink Creek folds are dif-
ficult to reeognize in the field. This recognition
is further complicated by the tendeney of earlier
formed fold axes to rotate into parallelism with
later-formed axes if the intermediate strain axis
of the later deformational field is inclined less
than 30o from that of the early intermediate
strain axis (Ghosh and Ramberg, 1968). The axial
trends of the Clifton and Accotink Creek folds
suggests that the intermediate strain axes of both
fold phases were inclined at less than 30o to each
other.

The rotation of Clifton linear elements onto a
great-circle girdle by Accotink Creek folding
allows a kinematie analysis of the Accotink Creek
deformation by the method of Turner and Weiss
(1963). This analysis (Figure 2E) suggests that
the o kinematic axis of Accotink Creek folding
was about 70o, N. 70oW. and that the b axis was
about 5o, S. 10oW. It is interesting to note that
one of the steep west-northwest-plunging max-
ima on the Clifton lineation girdle (Figure 28)
is exactly coextensive in space with the o kine-
matic axis (Figure 2E). This suggests that the
o kinematic axis was the X axis of finite strain,
perhaps the direction along which translation
took plaee, and that the steep-plunging lineations
were rotated into the direction of maximum
strain, as in Dalradian rocks in Ireland described
by Sanderson (1973). On the basis of the close
clustering of structural elements for both fold-
phase data presented above, both the Clifton and
Accotink Creek fold phases appear to have re-
sulted from progressive deformation within a
stress continuum rather than from separate pe-

riods of deformation. Regional dynamic meta-
morphism progressed during deformation and
produced schistosity during Clifton folding,
which later was folded during Accotink Creek
folding.

Fairfar Fold,s

A third phase of north-northwest-plunging
folds deforms the bedding and sehistosity in the
Popes Head Formation as well as the axis of the
Clifton syncline. Folds of this phase are named
for two broad folds at Fairfax City shown by the
map pattern of the Station Hills Phyllite in the
area between Braddock Road, Ox Road, Route
50, and Roberts Road (Figure 1). The few Fairfax
folds that can be recognized in outcrop are open
and plunge steeply north-northwest because of
the original steep northwest dips of the bedding
and schistosity in the Popes Head Formation that
constitute the form surfaces for the Fairfax folds.
Some, but not all, of the Fairfax folds have a
north-northwest-striking spaced cleavage paral-
lel to their exial surfaees. Fairfax phase folds
are reflected by the 82 girdle in the plot of poles
to bedding in the Popes Head Formation (Figure
2A), which has an axis of 60o, N. 30oW., as well
as by the girdle in the plot of poles to schistosity
(Figure 2B), which has an axis of 60o , N. 15oW.
Fairfax folds are poorly understood at this time,
but their orientation suggests that they may
result from right-lateral tangential stress.

Folds in the Annandale Group

The rocks of the Annandale Group were folded
at least twice before they were emplaced above
the Indian Run Formation, on the basis of olis-
toliths of Lake Barcroft Metasandstone within the
Indian Run that eontain refolded isoclinal folds,
the axes being oriented at about 40o to one another
(Drake, 1985). Structural data are not abundant
for rocks of the group, but enough were gathered
to enable a partial geometrie analysis.- Poles to
bedding (Figure 3A) plot on crossed girdles and
define two axes: 81, 48o, S. 80oW., and 82, 40o,
S. 28oW. Axes of small folds in bedding (F-igure
3B) plot on a great circle, reflecting refolding.
The axis 81 plots on the girdle of small folds,
but many fold axes plot in the northwest quadrant
and define a maximum at32", N.68"W. Small
folds observed in the field to have the first sehis-
tosity parallel to their axial surfaces plunge mod-
erately west-northwest. These folds are isoclinal,
and most are recumbent to nearly recumbent
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Figure 2. Equal area projections (lower hemisphere) of struetural elements in rocks of the Popes
Head Formation.
A. 206 poles to bedding. Dashed lines are best-fit great circles to the erossed girdles. 81 and 82
are the axes to the girdles. Contours are 12.5, 10,7.5, 5,2.5, and 1 percent per 1-percent area.
B. 120 data points that include axes of small folds in bedding and intersections of bedding and schistosity
in rocks in the Fairfax, Annandale, and Vienna quadrangels. X's, axes of small folds of Clifton
sehistosity. Contours are 6, 4,2, and 1 pereent per l-percent area.
C.77 axes data points that include small folds of bedding and intersections of bedding and a schistosity
in rocks in the Manassas and Independent Hill qqadrangles. Contours are 8, 4, and I percent per
l-percent area.
D. 255 poles to schistosity. Dots, axes of small folds in schistosity, and X's, poles to axial surfaces
of small folds of schistosity. B, axis to the great circle girdle. Contours are 20,15, 10, 5, and 1 percent
per l-pereent area.
E. Location of the o and b kinematic axes of Accotink Creek folds. Dashed line, lineation circle for
Clifton lineation from B. P, pole to mean axial surface of Accotink Creek folds from D. Solid line,
mean axial surfaee of Accotink Creek folds. The kinematic a axis is located at the intersection of
the lineation cirele and the mean axial surface and the kinematic b axis is located on the axial surface
normal to the o axis.
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where not refolded. They can best be seen in
outerops of the Annandale Group along and near
Tripps Run (Figure 1), where exposures are
somewhat better than the generally very poor
average for northeastern Fairfax County. These
folds are herein named Tripps Run folds. Tripps
Run folds characteristically have long straight
limbs and narrow peaked hinges. The axial schis-
tosity of these folds eontains the first-generation
metamorphic minerals (Drake and Lyttle, 1981)
and at many plaees transposes or nearly trans-
poses beddins; therefore, transposition foliation
is often the only planar element that can be
measured.

Bedding and schistosity (or transposition foli-
ation) have been folded together at least twice,
as shown by comparison of the erossed girdle
pattern on the plot of poles to schistosity (Figure
3C) to that of the plot of poles to bedding (Figure
3A). The girdles on the schistosity plot are not
well defined, particularly the girdle reflected by
statistical fold axis 81, but a comparison of the
statistical fold axes with measured axes of folds
in schistosity (Figure 3D) lends confidenee to the
interpretation, and a slight shifting of 81 to the
north would fulfil the geometric requirements.

The second phase of folds in rocks of the An-
nandale Group is in both beddins and schistosity
and is represented by the axis B1 on Figures 3A
and 3C and the west-southwest-plunging maxi-
mum shown on Figure 3D. On the scale of the
Annandale quadrangle (1:24,000), these folds
plunge moderately west-southwest. At the map
seale (Figure 1), the Annandale Group defines
the large Ravenwood anticline, which is over-
turned to the southeast and, though refolded,
plunges west-southwest. The Ravenwood anti-
eline is thought to be a large phase-two structure,
so this phase of folds is herein called Ravenwood.
Small Ravenwood folds in transposition foliation
are exposed at the head of the Tripps Run arm
of Lake Barcroft in the refolded hinge zone of
the Ravenwood anticline. Neither here. nor else-
where, are these folds seen to have an axial-
surface schistosity.They may well have formed
in a stress continuum with the Tripps Run folds,
as did the Clifton and Accotink Creek folds in
the Popes Head Formation. The Tripps Run and
Ravenwood folds are thought to be the fold phases
recognized in Annandale olistoliths in the Indian
Run Formation, beeause they do not overprint
the boundaries ofthe group. They, therefore, were
imposed on these rocks before the Annandale
Group was emplaced in its present position.

The third phase of folds recognized in the

Annandale Group is represented bythe statistical
axis Bj on the plot of poles to bedding (Figure
3A), the statistieal axis 82 on the plot of poles
to schistosity (Figure 3C), and the south-south-
west-plunging maximum on the plot of axes to
small folds in schistosity (Figure 3D). The folds
deform bedding as well as schistosity, although
sueh folds are represented only poorly on the plot
axes of folds in bedding (Figure 3B). This poor
representation perhaps results from an inade-
quate representation in the data base. These folds
have long planar limbs, narrow hinges, and a good
axial-surfaee, strain-slip schistosity, represented
by the northeast-striking maximum shown on
Figure 3E. This schistosity contains the second-
generation phyllosilicates and rotates the garnet
and chlorite porphyroblasts (Drake and Lyttle,
198f). These third-phase folds overprint the
boundaries of the Annandale Group, folding these
rocks with those of the Indian Run and Popes
Head Formations. These folds are thought to be
Clifton folds because of their orientation and
style, and are believed to have been the first phase
of folds to iorm after the emplacement of the
Annandale Group above the Indian Run and the
sedimentation of the Popes Head Formation.

A fourth fold phase is represented by the strong
maximum on the plot of axes to folds in bedding
(Figure 3B). Beeause of its orientation, this phase
is thought to represent Accotink Creek folds. This
interpretation is supported by the maximum of
poles to late cleavage that strikes slightly east
of north, and earlier formed Clifton intersection
lineations have been rotated to steep westerly
plunges.

A fifth phase of folds in rocks of the Annandale
Group eauses the northwest-plunging maximum
on the plot of axes of small folds in schistosity
(Figure 3D). The strong maximum is 35o, N.
50oW., although there is a wide range of trends,
and some folds plunge to the southeast. These
folds are all small and are not apparently re-
flected in the outcrop pattern (Figure 1). They
have a strong axial surface strain-slip cleavage,
which forms the strong tight maximum on Fig-
ure 3E that has the attitude of N. 43oW., 75oSW.
The spread of poles toward the north from this
maximum represents slishtly different orienta-
tions of this generation of strain-slip cleavage.
Because of their orientation and style, these folds
are thought to be Fairfax folds.

To summarize, the Annandale Group has been
affected by five phases of folding. Two phases
predate its emplacement on the Indian Run For-
mation; the others postdate this emplacement and
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Figure 3. Equal-area projections (lower hemisphere) of struetural elements in rocks of the Annandale
Group.
A. 36 poles to bedding. Dashed lines, best-fit great circles to the crossed girdles. 81 and 82, axes
to the great circles. Contours at 10, 6, and 2 percent per l-percent area.
B. 32 axes of small folds of bedding. Dashed line, best-fit great circle to gifdle. 81 and 82, oxes
shown on A. Contours at 14, 9, and 5 percent per l-percent area.
C. 76 poles to sehistosity. Dashed lines, best-fit great circles to the cross girdles. 81 and 82, axes
to the great circles. Contours at 10, ?, and 4 percent per l-percent area.
D. 37 axes of small folds of schistosity. 81 and 82, axes shown on C. Contours at 14, 8, and 3 percent
per l-percent area.
E. 30 poles to late sehistosity and cleavage. Contours at 10, ?, and 3 percent per l-percent area.
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the sedimentation of the Popes Head Formation
and are correlated with Clifton, Accotink Creek,
and Fairfax folds. The spread of these structural
data probably results from the superposition of
the late folds upon already complexly folded
rocks, resulting in variations in style, plunge
direction, and amount of plunge, a common char-
acteristic of polydeformed terranes (see, for ex-
ample, Tobisch, 1967).

Late folds in the Peters Creek Schist

As pointed out above, the rocks of the Peters
Creek Schist have had a much more complex
geologic history than have the other rocks in the
area. Regionally, the entire formation is inverted
as reeognized by earlier investigators (Fisher,
1963; Hopson, 1964;and Philip Osberg, oral com-
mun., 1976). This interpretation is based on
younging directions read from the abundant sed-
imentary structures preserved in even the highest
grade rocks. The roeks are overturned to the west,
and the structure flattens to the west and ap-
proaches horizontal at the contaet with the Me-
sozoic rocks of the Culpeper basin (Drake and
others, 1979). Transposition is eommon through-
out most of the unit's outerop belt, and first-
generation schistosity is nearly everywhere al-
most parallel to bedding and forms the tectonic
surface called "bedding schistosity" by Hopson
(1964). Small fold hinges ean, however, be found
tucked between the schistosity at many places.
Transposition becomes stronger as metamorphic
grade increases, and the lenticularity of the gray-
wacke intervals within the Peters Creek is
thoughtto have resulted from transposition mueh
like that which produced the lenticular rock
bodies in other orogens, such as the Seandanavian
Caledonides (see, for example, Williams and
Zwart, L977).

Cloos (1964) describes an abrupt change in
lineation style in the Peters Creek Schist (his
Wissahickon) from fold axes plunging north-
northeast to northeast, which he believed to be
parallel to the b kinematic axis of deformation,
to lineation that plunges down the dip of the
foliation that be believed to be parallel to the a.

kinematic axis of deformation. Superficially, this
change in lineation attitude is real, although
there are many steep fold axes plunging down
the dip of the schistosity of his b axis belt as well
as many gently plunging lineations within his o
axis belt (Drake and others, 1979). The solution
to this problem is polydeformation that was not

recognized in the Maryland outcrop belt. The
prominent steeply plunging downdip lineation
beeomes apparent just downstream from Bear
Island, where the effects of strain increase dra-
matically in the rocks, which eventually pass into
phyllonites farther downriver (Drake and Mor-
gan, 1981). The steeply plunging lineations are
dominant in this outcrop belt downstream to the
overlap of Coastal Plain deposits (Cloos and
Cooke, 1953). The transition zone of gently north-
east plunging lineations to steeply northwest-
plunging lineations can be traced at least to the
Montgomery-Howard County line in the zone of
high strain in the Peters Creek Schist parallel
to its contact with the Sykesville Formation
(Clqos and Cooke, 1953) The steep lineations eon-
sist of aligned minerals, bedding-schistosity in-
terseetions, schistosity-schistosity intersections,
and relict fold hinges. None of these steep lin-
eations are kinematie a lineations in the strict
sense, but are fold-axes and fold axis-related
lineations that have been rotated into parallelism
with the axis of maximum strain within the zone
of high strain in the Peters Creek Schist, as were
those of the Clifton fold-phase described above,
within the Popes Head Formation.

Although the structural geometry of the Peters
Creek Schist has not been analyzed, it obviously
has had a complex structural and metamorphic
history prior to the formation of the phyllonite
along its eastern (lower) boundary. The phyllonite
has undergone all the structural events recog-
nized in the Popes Head Formation, as Clifton,
Accotink Creek, and Fairfax folds ean be traced
tothe contactofthe Peters Creek Sehistand Popes
Head Formation and are found to fold the contact.
These folds are particularly well shown at the
north end of the Clifton syncline, in the northern
part of the Fairfax quadrangle, and the east-
central part of the Manassas quadrangle (Figure
1).

A plot of poles to phyllonitic foliation (Figure
4A) forms a great-eircle girdle that has a sta-
tistical fold axis of 50oN. 10oW. This axis, and
the strong maximum of poles just east of north,
suggests that the regional distribution of the
phyllonitic foliation results from Aecotink Creek
folding. Because of their orientation, most of the
measured fold axes appear to be Aeeotink Creek
phase, although some representation of Clifton
phase and probably a few Fairfax axes are pres-
ent. Lineations on phyllonitic foliation (Figure
48) plot on a great-circle girdle that is essentially
the same as the girdles in the plots of fold axes
and intersection lineations in the Popes Head
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Figure 4. Equal-area projections (lower hemisphere) of some struetural elements in the Peters Creek
Schist.
A. 134 poles to phyllonitic. foliation. Dashed line, best-fit great circle to girdle. Dots, axes of small
folds in phyllonitie foliation. B, axes to great-circle girdle. Contours at 12.5, 10, 7.5, 5, 2.5, and I
percent per l-percent area.
B. 112 lineations on phyllonitic foliation. Contours at 9, 6, 3, and 1 percent per l-percent area.
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Formation (Figures 28 and 2C). This plot reflects
late folding of both units, as these lineations are
fold axes or fold-axis-related lineations.

To summarize, phyllonitized Peters Creek
Schist has undergone the complete deformational
history of the unit that unconformably overlies
it. Its phyllonitization, in turn, post-dates polyde-
formation and high-grade metamorphism. The
structural geometry of the phyllonitized Peters
Creek Sehist verges east with that of the Popes
Head Formation, rather than west as it does in
the area away from the Clifton syncline. Clifton
and Accotink Creek folds can be traced north
from the plunging nose of the Clifton syneline
to the Potomac River (Drake and others, 1979),
where the common structural style is eastward-
verging, north- and north-northeast-trending
folds, the typical Clifton-Accotink Creek relation.
No modern geologic mapping has been done in
this part of Maryland, so the extent of these fold
phases is unknown, but the structural geometry
of the rocks in the District of Columbia and
adjacent Montgomery County verges east (Cloos
and Cooke, 1953).

TIME OF DEFORMATION

The stratigraphic and structural features ofthe
allochthonous rocks beneath the Popes Head For-
mation indicate a complex and varie{ structural
history prior to Popes Head deposition. Subse-
quently, the allochthonous rocks and the Popes
Head Formation were thrice folded. At least some
of this deformation was reported to predate the
emplacement of the Occoquan Granite and the
tonalite plutons in northern Virginia (Drake and
Lyttle, 1981; Drake and Morgan, 1981). I now
conclude that most, if not all, the deformation
in northern Virginia can be shown to predate or
to be synkinematic with the emplaeement of these
intrusive rocks.

The contaet between the Popes Head Formation
and Oecoquan Granite can be seen at the Bull
Run Marina in the Independent Hill quadrangle
(BR on Figure 1). Here, veins and seams of granite
oecur in the schistosity of the Popes Head, and
the foliation (N. 2oE., 80'NW.) in the granite is
roughly parallel to the schistosity (due N., 73oW.)
in the Popes Head, which suggests that the gran-

2.5 5 7.5
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ite was emplaced syntectonically during Clifton
phase-folding of the Popes Head. Synteetonic
emplaeement of the Oceoquan is also suggested
by evidence from the Accotink Schist. In this unit,
Drake and Lyttle (1981) reported that during a
second metamorphism chlorite and garnet por-
phyroblasts had begun to grow before the for-
mation of a second schistosity but were subse-
quently rotated by that schistosity. Drake and
Lyttle (1981) suggested thatthe second metamor-
phic event was thermally related to the emplace-
ment of the Occoquan Granite and the tonalite
plutons. The second schistosity in the Aceotink
Schist is thought to have formed during Clifton
folding. This seems to be good evidence for es-
sentially contemporaneous deformation and plut-
onism.

Mineral and quartz-rod lineations measured in
the northern part of the Oceoquan Granite ba-
tholith and the tonalite plutons are plotted on
Figure 5. They plot in two strong maxima: 42o,
S. 30oW. (and lesser N. 30oE.-plunging equival-
ents) and 35o, N. 58oW. The south-southwest
plunging lineations certainly appear to be related
to Clifton phase folding, and the spread is wide
enough to aceommodate Aecotink Creek folding.
The northwest-plunging lineations appear to be
related to Fairfax-phase folding.

The map pattern (Figure 1) suggests synkine-
matic emplaeement of the Oceoquan Granite and
clearly shows that the Occoquan intrusion post-
dated Tripps Run and Ravenwood folds. The Falls
Church pluton and the largest of the tonalite
plutons cut the axis of the Ravenwood anticline
(Figure 1).

It is possible that the Popes Head Formation
was thrust upon the northern Virginia teetonic
motifs after Clifton, Aceotink Creek, and Fairfax
folding and that the rocks of the motifs were not
involved in this folding. I noted earlier the theo-
retical chance that the lower grade, less com-
plexly deformed Popes Head had been tectoni-
cally emplaced above these other rocks (Drake
and Lyttle, 1981, p. 12,; Drake and Morgan, 1g81,
p. a9 ). At that time, I pointed out that no direct
evidence supports tectonic emplacement and that
the bedding in the Popes Head parallels its con-
tact with the underlying rocks, the elassic piece
of evidenee to support an unconformable relation-
ship. In addition, the Popes Head is so clearly
infolded with the underlying rocks, particularly
the Peters Creek Schist, that it must have been
folded after its emplacement even if it had been
originally emplaced by thrusting. One other pieee
of evidence negates the thrust emplacement of

Figure 5. 40 mineral quartz rod lineations in
tonalite plutons and northern part of the Occoquan
Granitp batholith. Contours at 20, 15, and 10 per-
cent per l-percent area.

an already folded Popes Head. I have shown that
the Occoquan Granite was emplaced synkinem-
atically with Clifton phase folding. If the Popes
Head were thrust, the Occoquan had to accom-
pany it. The Oecoquan Granite, however, also
intrudes the Annandale Group, the Sykesville
Formation, and the Indian Run Formation. The
Popes Head then had to be above these units prior
to the emplacement of the Oceoquan Granite and
the onset of Clifton folding.

These data show that all the deformation events
described herein are either synchronous with or
predate the emplacement of the Occoquan Gran-
ite. Conclusions are that Clifton, Accotink Creek,
and Fairfax folding are related to a single de-
formation synchronous with granite emplace-
ment. The folding: can then be dated as either
Early (if the zircon dating is correct) or Late (if
the Rb-Sr isochron is correct) Cambrian. Pre-
Taconian (pre-Arenig) deformation was first ree-
ognized in the Appalachians by Neuman (1967)
in northern Maine. Neuman termed this orogenic
event "the Penobseot disturbanee." More re-
cently, Pavlides (1973) recognized a fold phase
in the Chopawamsic Formation of Early Cam-
brian (?) age that is absent in the overlying
Quantico Formation of Ordovician age in the
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Chopawamsic terrane southeast of Fairfax
County, Virginia. He suggested that this pre-
Taconic deformation might have resulted from
the Penobscot event. Recent work has shown that
Cambrian deformation is much more widespread
than originally known (Philip Osberg, oral com-
mun., 1983). I believe that the Clifton folding is
a manifestation of the Penobscot orogenic period.
On the European side of the Appalachian-Caled-
onian orogen, a major, probably the majat, phase
of the Caledonian orogenic eycle had been termed
"Grampian." The Grampian was post-Early Cam-
brian and pre-Arenig in age and has been iso-
topically dated as having taken place between 550
and 510 Ma (Rast, Nicholas and Crimes, 1969).
Apparently, Cambrian deformation was much
more important in the Appalachian-Caledonian
orogen than had been recognized previously. I
believe that the Penobscotian deserves the full
title of "orogeny" to better eorrelate with the same
event, the Grampian orogeny, on the other side
of the Appalachian-Caledonian orogen.

The pre-Clifton struetural events deseribed
above in the Annandale Group and Peters Creek
Schist are thought to be pre-Penobscotian (Gram-
pian) and, therefore, probably date from the Late
Proterozoie or earliest Cambrian. Such deforma-
tion has been termed "Avalonian" (Lilly, 1966) in
the northern Appalachians and "Virgilinian" in the
southern Appalachians (Glover and Sinha, 1973).
Deformation of similar age on the European side
of the Appalachian-Caledonian orogen has been
termed "Cadomian" by Rast and Crimes (1969) and
isotopically dated as having taken place between
about 570 and 600 Ma. Although some might choose
to use the North Ameriean term "Virgilinian" for
this deformation, I prefer to follow recent authors
(Keppie, 1979; Rast, 1980; and Osberg, in press)
and use "Cadomian." This aceeptanee of Cadomian
nomenclature supports the philosophy of the
I.G.C.P. in its attempt to standardize terminology
on both sides of the orogen.

One final factor bearing on the isotopic age of
deformation must be considered-the relation of
the small intrusive bodies of Bear Island Granite
to the teetonic synthesis of time of deformation
presented herein. Two samples of museovite from
the granite have been dated at 469 t 20 Ma by
Rb-Sr techniques (Muth and others, 1979). The
Bear Island Granite has been reported as post-
dating all but the latest folds (Fisher, 1971), and
I have never seen an outcrop of deformed Bear
Island Granite. Along the Southern Railway in
the Manassas quadrangle, a small crosscutting
body of very leueocratic, museovite-bearing gran-

ite, containing 48 percent albite and 5 percent
microcline, contains inclusions of Peters Creek
phyllonite, so it must postdate that late teetonic
event. This granite body is identical with the
undeformed bodies of Bear Island granite on Bear
Island and in Difficult Run and is believed to be
Bear Island Granite. Leucosome that forrned dur-
ing migmatization in the Peters Creek, however,
is sheared along the entire strike belt of the
phyllonite zone from the Potomae River to the
Manassas quadrangle. Hopson (1964) reported
that granite sheets concordant to the foliation in
the Peters Creek Sehist along the Potomae River
have participated in the late deformation thirre,
and that more than one generation of granite
probably exists. The Bear Island Granite appar-
ently resulted from a thermal event that postdates
the deformation.

TECTONIC IMPLICATIONS

Cadomian and Penobscotian deformations have
not been recognized in rocks that are eonsidered
to be North American by most geologists. Cer-
tainly, the North American rocks in the Blue
Ridge west of the Culpeper Mesozoic basin and
the area of this study were not deformed during
those orogenie periods, and, in fact, there is no
direct evidence that they were deformed prior
to the Alleghanian orogeny (Drake, 1980). The
Piedmont rocks described in this paper, then,
should be eonsidered part of a suspect terrane
or terranes. Williams and Hatcher (1983) have
plaeed the area discussed herein in their Pied-
mont suspect terrane.

Teetonic relations, however, are probably more
complex than that. The rocks beneath the Popes
Head Formation eonstitute different lithotectonic
environments, including oeeanic (Piney Branch
Complex) and two different submarine fans, one
of which contains ophiolitie debris (Peters Creek
Schist) and one of which does not (Annandale
Group). These rocks were deformed during the
Cadomian, but all have a different internal struc-
tural geology and, therefore, appear to be frag-
ments of different terranes. Subsequently, these
fragments were assembled into a stack of tectonie
motifs (Drake, 1985) prior to the deposition of the
Popes Head Formation arld the onset of Penobs-
cotian deformation. The sedimentation of the Popes
Head and the Penobscotian deformation combined
these units into what is here called the "composite
Potomae terrane." To the west, in southern Ma-
ryland, the Potomac terrane is in eontact with the
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Ijamsville Phyllite, which is thought to be a Taconic
alloehthon (Drake and Lyttle, 1981), and, by the
usage of Williams and Hatcher (1983), would itself
constitute a suspect terrane. The boundary between
the Potomac and Ijamsville terranes in Montgo-
mery County, Maryland, is marked by a zone of
phyllonitized Peters Creek Schist. Perhaps this
phyllonite zone is the Taconian suture in this part
of the Appalachians.
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ABSTRACT

The Chopawamsie Formation in eentral Vir-
ginia eonsists of a lower unit eomposed of mafic
and intermediate metavoleanic rocks and meta-
graywacke beds and an upper unit eomposed of
interlayered felsic and mafie metavolcanie rocks.
Massive sulfide deposits and ferruginous quart-

zites (metacherts, which probably represent vol-
canic exhalants) oceur as,interlayers in the Cho-
pawamsic in this area.

The Chopawamsic has been deformed by four
fold systems, one of which developed prior to
deposition of the overlying Arvonia Formation.
Size of stratabound massive sulfide deposits in
the Chopawamsic Formation is in part controlled
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by distance from volcanic centers and in part by
polyphase folds. Most prospecting for massive
sulfide deposits in the Chopawamsic has been on
the limbs of folds; however, the larger ore bodies
should oceur within the hinge zones of folds.
Plastic flowage of massive sulfide deposits in
response to stress should result in thickening of
these deposits in hinge zones of folds and thinning
on the limbs of folds. Cross sections prepared from
drill hole data and geologic maps of one of the
massive sulfide deposits support this concept that
massive sulfides are stretched out along the limbs
of folds and have flowed into the hinge zones of
these structures.

INTRODUCTION

The Chopawamsic Formation was named by
Southwick, Reed, and Mixon (1971) for exposures
along Chopawamsie Creek in northern Virginia
(Figure 1), where it is composed of metamor-
phosed felsic and mafic volcanic flows and vol-
caniclastic rocks with interlayered quartzite,
graywacke, and phyllites. Age of the Chopawam-
sic is considered to be Cambrian, possibly Early
to Middle Cambrian (Glover, 1.974; Mose, 1981;
Pavlides, 1981). It has been mapped southwest-
ward by Pavlides (1976, 1980), into an area just
northeast of the present study area. The Chopa-
wamsic forms part of a major northeastward-
trending belt of roeks named the "Atlantic sea-
board volcanic province" (Higgins, 1972).In een-
tral Virginia the Chopawamsie contains massive
sulfide deposits and underlies the gold belt
mapped by Taber (1913) and the gold-pyrite belt
mapped by Lonsdale (192?). Rocks of the Cho-
pawamsic were subdivided by Conley and John-
son (1975) into a lower unit, composed of elastie
metasedimentary rocks and an upper unit, com-
posed of metavolcanic rocks. The Chopawamsic
Formation has been traced southwest to the limit
of mapping shown on Figure 2.

REGIONAL SETTING

In eentral Virginia, the Chopawamsie Forma-
tion overlies the Candler Formation. Although
field mapping indicates that the Candler grades
upward into the Chopawamsic (Conley and John-
son, 1975), VIBROSEIS data obtained by the U.
S. Geological Survey along U. S. Interstate I-64
indicate that a fault eould be present in the
vicinity of this contact (Leonard D. Harris, per-
sonal communication). The base of the Chopa-

wamsie is placed at the lower contact of the first
recognizable volcanic layers, which commonly
are of metabasaltic composition. The base of the
formation approximates the contact between
roeks mapped as the lower chlorite-muscovite
unit and the middle muscovite unit by Smith,
Milici and Greenberg (1964). The top of the
Candler contains abundant, thin metagraywacke
interlayers especially in the horizon just below
the first volcanic bed whieh marks the base of
the Chopawamsic. The Chopawamsic is uncon-
formably overlain by the Middle to Late Ordo-
vician Arvonia Formation (Darton, 1892; Watson
and Powell, 1911; Tillman, 1970). Brown (1969)
proposed that the Arvonia was overlain by the
Buffards Formation, but later mapping (Conley,
1978; Conley and Marr, 1979; Marr, 1980b) shows
that the Buffards occupies an antiformal struc-
ture and is composed in part of basal Arvonia
and in part of roeks of the underlying Chopawam-
sic Formation.

In central Virginia, metamorphic grade in the
Chopawamsic gradually rises to the southeast.
The loeation of the almandine isogirad across the
Dillwyn quadrangle (Brown, 1969) and across
Fluvanna County (Smith, Milici and Greenberg,
1964) indicates that the trend of the isograd is
more easterly than the trend of the stratigraphic
units. The increase in metamorphic grade caused
volcanic textures to be obliterated to the southeast
as the rocks were converted to gneisses, schists
and amphibolites.

f-------15-- *,... f6i-l ervorre - ouaxrco rolraror|_o lo to (rot'rl'' 
@ crot^*^aata torratro*

Figure 1. Regional map of the Virginia Piedmont
showing area of study.
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Figure 2. Geologic map of the Central Virginia Piedmont.

Pavlides (1980) mapped the low-rank rocks
west of the Quantieo syncline in northern Vir-
sinia (Figure 1) as the Chopawamsie Formation.
He called the high-rank rocks east of this syncline
the Fredericksburg Complex. Pavlides (1980)
subdivided the Fredericksburg Complex into a
western Ta River Metamorphic Suite, composed
predominantly of amphibolite gneiss, and an east-
ern Po River Metamorphic Suite composed
chiefly of biotite gneisses. This directional change
in composition is also seen in central Virginia
(Figure 2). He considered the Ta River Metamor-
phic Suite to be an eastern facies of the Chopa-
wamsie. Marr (1980a; 1980b), from mapping in
the Central Virginia Piedmont agrees that higher
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rank rocks on the southeast side of the Arvonia
syncline are partof the Chopawamsic Formation.
These high rank rocks are probably also equiv-
alent to the Hatcher Complex named by Brown
(1969), in central Virginia, which is also thought
to be a relatively high-grade metamorphic equiv-
alent of the Chopawamsie (Conley, 1978, Marr,
1980a).

The Spotsylvania lineament (Pavlides, 1980)
marks the boundary between the Ta River Met-
amorphic Suite and Po River Metamorphie Suite
(Figure 1). The lineament was first recognized
by Neuschel (1970) as a linear anomaly evident
on both aeroradioactivity and aeromagnetic
maps. Neuschel postulated that it was a fault zone

2l

Io
N
o
ul.l-

I
o
N
0
U

i

=l<l
clol
-l<l
u
G
G

CD,CA TIOXO - \ GREEil 'cFossnoADs \ SPR|NoS
\PLU: O t

l{

o uttEs 5

o5
KILOMETERS



22 VIRGINIA DIVISION OF MINERAI, RESOURCES

and Pavlides (1980) notes that it is a diffuse zone
up to 2 km wide and speculates that it might
represent a series of en echelon faults or shear
zones. In central Virginia the Spotsylvania lin-
eament is traceable southward on aeroradioac-
tivity and aeromagnetic maps into the northern
end of the Farmville basin, beyond which it is
covered by sedimentary roeks of Triassic age
(Figure 2). VIBROSEIS data indicates that the
Spotsylvania lineament is the leaning edge of a
major thrust sheet (Harris and others, 1982) that
separates the Ta River Metamorphic Suite from
the Po River Metamorphie Suite. In central Vir-
ginia Farrar (1985) has ealled rocks equivalent
to the Po River Metamorphie Suite the Goochland
granulite terrane composed of the State Farm
gneiss and overlying granulite grade rocks of
possible Grenville age. Furthermore those rocks
ofthe Goochland granulite terrane are correlated
with rocks of the Raleigh belt along strike to the
southwest (Farrar, 1985).

STRATIGRAPHY

In central Virginia the Chopawamsic Forma-
tion was subdivided by Marr (1980a, 1980b) into
smaller, mappable units (Figure 3). The lower
unit of the Chopawamsic Formation is composed
predominantly of pink-weathering metasand-
stones and metasiltstones of graywacke compo-
sition. It also eontains interlayered felsic and
mafic metavolcanic rocks. Purple phyllites, typ-
ical of the Candler Formation, occur as interbeds
in the lower part of the unit.

To the southeast and presumably up-seetion,
the metagraywackes are replaced by rocks of
volcanic origin. The formation is divided into a
lower and an upper unit; the boundary is plaeed
where metavolcanie rocks, which increase in
abundance upward, comprise 50 percent of the
formation. The upward increase in metavolcanie
roeks is gradational, but the transitional interval
(from over 50 percent metasedimentary rocks to
over 50 percent metavolcanic rocks) averages
only a few hundred meters across. Felsic meta-
volcanic rocks predominate over mafic rocks near
the base of the upper unit, whereas mafic rocks
are more prevalent higher up in the seetion.

Chopawamsic roeks are at greenschist grade
along the northwestern boundary of the unit's
outcrop belt (Figure 2). The felsic rocks through-
out the formation are composed of quartz, pla-
gioclase, perthitie microcline, museovite and bi-
otite. Quartz oceurs as embayed pseudomorphs,

which locally retain the outline of beta pheno-
crysts. Some of the layers are amygdaloidal me-
tabasalts composed of plagioclase and chlorite
with lesser amounts of biotite and epidote, in
which amygdules filled with quartz and. epidote
make up as mueh as 30 percent of the rock. There
are some metavolcanic roeks of intermediate com-
position; these commonly contain actinolite.
Metagraywackes are eomposed of quartz (which
oecurs both as granule-size clasts and in the finer-
grained matrix of the rock), plagioclase, perthite,
museovite, and biotite. To the southeast where
the rocks are at higher metamorphic grade, the
mafic rocks are metamorphosed to amphibolites,
the intermediate rocks are metamorphosed to
amphibole gneisses, the felsic rocks are metamor-
phosed to quartzofeldspathic gneisses and the
metagraywaekes are metamorphosed to biotite
gneisses.

Ferruginous quartzites are interlayered with
the metamorphosed metavolcanic and metased-
imentary rocks in the lower unit and lower part
of the upper unit of the Chopawamsie. These
quartzites were reeognized by both Taber (1913)
and Lonsdale(1927). Taber (1913) observed gold-
bearing veins in these quartzites, and Good, Ford-
ham, and Halladay (1977) suggested that the
quartzites may be favorable areas for gold and
base-metal exploration. Hodder, Kazda, and Boj-
tos (1977) were the first to report that sulfide
deposits in the Chopawamsic represent volcanic
exhalations and Marr (1980a and 1980b) has
traced these ferruginous quartzites into massive
sulfide bodies. The ferruginous quartzites grade
laterally into and also overlie the massive sulfide
deposits. The ferruginous quartzites probably
represent metamorphosed iron-bearing cherts.
Such eherts, precipitated under oxidizing condi-
tions from submarine volcanic vents have been
described by Appel (1979). Cherts rich in iron
oxide, preeursors of the ferruginous quartzites
here discussed, are normally deposited at some
distance from a volcanic vent (Large, 197?), but
during the waning phase of a depositional eyele
are deposited closer to the souree and may even
be deposited on the top of massive sulfide bodies.
On the other hand, the massive sulfide bodies are
proposed to represent stratabound deposits
formed under reducing conditions as a produet
of quenching neai a volcanic vent (Soloman and
Walshe, 1979; Appel, 1979); thus they thin rapidly
away from the vent. In the study area, the massive
sulfide deposits are generally covered by gossan.
Primary minerals observed in drill cores of these
deposits are: (in order of decreasing abundance)
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pyrite, pyrrhotite, chalcopyrite, sphalerite, and
galena (Young, 1981).

STRUCTURE

Four fold systems are recognized in rocks of
the Chopawamsic Formation and are defined in

the Table. Brown and Griswold (1970) described
small rootless isoclinal folds (F1) in the Chopa-
wamsic that do not occur in the unconformably
overlying Arvonia Formation. Similarly in north-
ern Virginia Pavlides (f976) has recognized folds
in the Chopawamsie Formation that are not pres-
ent in the uneonformably overlying Quantico

Table. Primary and secondary structures in the Chopawamsie and Arvonia formations of central
Virginia.

Feature Comments

so":

Fr:

Lr:

so5:

Compositional layering
in the Chopawamsic
Formation.

Outcrop and map scale
isoelinal folds in
Chopawamsic Formation.

Transposed bedding.

Defined by eompositional
layering in the Chopawamsic
Formation; loeally the
folds are rootless.

Has transposed primary layering
producing rootless folds in the Chopawamsie
Formatien.

Compositional layers and
mineral grains transposed by Sr.

Defined by textural and color changes.

Oldest folds in Arvonia Formation.

The major foliation of
both the Chopawamsic and
Arvonia formations in the
northwestern part of the area.

Occurs in the Chopawamsic
Formation as mineral streaks
and fold hinges and is produced
in the Arvonia Formation
as a line of intersection
of So5 and 52.

Flanks eontain synformal
F2 folds; noses defined by
refolded F2 folds. Extremely
elongate folds have folded F2
folds producing a fishhook-
shaped outcrop pattern.

Becomes better developed
to the southeast where it
is the major foliation,

Sr: Foliation parallel to
axial surfaces of F1 folds.

Plunging hinges of
Fl folds and stretched
mineral grains.

Bedding in the Arvonia
Formation.

Fz: Steeply inclined,
outerop-scale isoelinal
folds in Chopawamsic
and Arvonia formations.

Sz: Foliation developed
parallel to axial
surfaces of F2 folds.

Lz: Lineation in the B
direction of F2 folds.

Fg: Northeastward.trending,
map-seale tight upright
to slightly asymmetrical
folds.

Ss: Vertical to steeply
southeastward
dipping crenulation
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Table (cont.).

Feature Comments

Le:

cleavage that is
parallel to axial
planes of Fs folds.

Lineation produced by intersection
of 52 and Sg surfaces.

Broad, upright, north-
westward-trending, gentle open warps.

Vertical, widely-spaeed, northwestward-
trending kink bands that are probably
parallel to the axial planes of Fa folds.

possibly because these
rocks are at higher
metamorphic grade.

Map-scale folds.

recognized by Brown and Griswold (1970).
Surfaces of these folds are illustrated in Figures
8, 9, 10, and 11. A fourth set of northwest-
trending, broad, gentle open folds (Fa) with wave
lengths in the order of several miles occur on a
regional seale (Figures 2 and 12). These folds
were first recognized by Conley and Toewe (1968)
in the southwestern Virginia Piedmont and have
since been recognized by Henika (1977) in the
area east of Danville and by other workers in the
central Virginia Piedmont (Poland, Glover, and
Mose, 1979).

Analyses of foliations and lineations measured
in the Willis Mountain and Andersonville quad-
rangles are shown on equal-area, lower-hemi-
sphere diagrams (Figure 12). These figures in-
clude data from the Arvonia Formation (Figure

Figure 5. Rootless isoclines in the Chopawamsie
Formation formed by transportation of compo-
sitional layers (So") br foliation (S1). Locality is
along Holiday Creek about 300 feet (91 m) west-
northwest of State Road 614 (Holiday Lake quad-
rangle).

Fa:

sa?:

Formation. These Pre-Arvonia folds are observ-
able in outcrop (Figures 4,5,6,7a, and 7b). Two
additional fold systems (F2, F3) that occur in both
the Chopawamsic and Arvonia formations were

Figure 4. The contact between felsic (light) and
mafic (dark) metavolcanic roeks in the Chopa-
wamsic Formation. The contact represents a bed-
ding plane 1So"). Penetrative foliation (Sr) cut
the bedding surface at an acute angle and has
transposed compositional layers into a series of
rootless isoelines. There is a slight refraction of
the angle of the 51 surface between the mafic
and the felsic layer. Note that a fault can be traced
horizontally across the lower part of the photo-
graph. Locality is along Holiday Creek, about 300
feet (91 m) west-northwest of State Road 614
(Holiday Lake quadrangle).
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Table (cont.).

Feature Comments

Ls:

Fa:

sa?:

cleavage that is
parallel to axial
planes of F3 folds.

Lineation produced by interseetion
of 52 and 33 surfaces.

Broad, upright, north-
westward-trending, gentle open warps.

Vertical, widely-spaeed, northwestward-
trending kink bands that are probably
parallel to the axial planes of Fa folds.

possibly because these
rocks are at higher
metamorphic grade.

Map-scale folds.

recognized by Brown and Griswold (1970).
Surfaces of these folds are illustrated in Figures
8, 9, 10, and 11. A fourth set of northwest-
trending, broad, gentle open folds (Fa) with wave
lengths in the order of several miles occur on a
regional scale (Figures 2 and 12). These folds
were first recognized by Conley and Toewe (1968)
in the southwestern Virginia Piedmont and have
since been recognized by Henika (1977) in the
area east of Danville and by other workers in the
central Virginia Piedmont (Poland, Glover, and
Mose, 1979).

Analyses of foliations and lineations measured
in the Willis Mountain and Andersonville quad-
rangles are shown on equal-area, lower-hemi-
sphere diagrams (Figure 12). These figures in-
clude data from the Arvonia Formation (Figure

Figure 5. Rootless isoclines in the Chopawamsic
Formation formed by transportation of compo-
sitional layers (So") bv foliation (S1). tocality is
along Holiday Creek about 300 feet (91 m) west-
northwest of State Road 614 (Holiday Lake quad-
rangle).

Formation. These Pre-Arvonia folds are observ-
able in outcrop (Figures 4, 5, 6,7a, and 7b). Two
additional fold systems (F2, F3) that occur in both
the Chopawamsic and Arvonia formations were

Figure 4. The contact between felsic (light) and
mafic (dark) metavolcanic rocks in the Chopa-
wamsic Formation. The contact represents a bed-
ding plane 1So"). Penetrative foliation (Sr) cut
the bedding surface at an acute angle and has
transposed compositional layers into a series of
rootless isoclines. There is a slight refraction of
the angle of the 51 surface between the mafic
and the felsic layer. Note that a fault can be traced
horizontally across the lower part of the photo-
graph. Locality is along Holiday Creek, about 300
feet (91 m) west-northwest of State Road 614
(Holiday Lake quadrangle).
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Figure 6. Rootless isoclines in the Chopawamsic
Formation produeed by transposition of bedding
So" by penetrative foliation 51. Second foliation
(S/ is parallel to the stick. Intersection of S1 and
52 produces mullions in the lower right hand
corner of photograph. A spaced cleavage (Ss) is
subparallel to the top and bottom of the photo-
graph. Same locality as Figures 4 and 5.

12c) and from two areas of the Chopawamsic
Formation, one northwest of the belt of Arvonia
rocks (Figure 12a) and one southeast of this belt
{Figure 12b). tsoth plots of S1 poles to planes from
the Chopawamsic produce a girdle that follows
a great eircle and support field observations that
51 foliations were folded by Fz folds. Figure 12b
shows a double girdle, whieh is interpreted as
representing folding of 51 surfaces by F2 folds
which are asymmetrical and have both shallow
and steeply dipping limbs.

Plots of 52 poles to planes from the Arvonia
(Figure 12c), however, form a tight cluster. This
concentration of 52 Foles to planes from the
Arvonia Formation indicates an axial symmetry
for the F2 folds, and could be interpreted as
showing that 52 foliation in the Arvonia was not
markedly reoriented by Fs folds. The observed
symmetry is the result of sampling bias. All the
data points for the 52 tlots were collected from
the 52 synform that occupies the northwestern
flank of a large, extremely elongate, northeast-
ward-trending Fg fold in the northwestern part
of the Andersonville quadrangle (Figure 2).
Because there are no prominent F3 fold noses that
refold this synform, cored by Arvonia Formation,
evidence that 52 surfaces are folded by Fs folds
is not shown by these diagrams.

Figure 7a. Large, refolded rootless F1 isocline
of arnphibolite refolded by F2 fold. Sketch shows
fold relationships. Locality is on the north bank
of the I{illis River. where State Road 633 crosses
the river, northwest of Arcanurn (Andersonville
quadrangle).

The eoncentration of S1 poles to planes in plots
of the Chopawamsic in the area northwest of the
outcropping band of Arvonia Formation (Figure
12a) reflects the F2 axial symmetry seen in the
Arvonia Formation (Figure 12c). In the Chopa-
wamsic plot the symmetry is represented as a
maximum on a girdle that is located on a great
circle, which suggests that these rocks were par-
tially reoriented parallel to 52 surfaces. In the
plots of Chopawamsie lying southeast of the out-
cropping band of Arvonia this axial symmetry
is absent. This diagram represents a much larger
area and is the product of warping of S1 surfaces
by the F2, Fs, and Fa fold systems.

The plots of mineral lineations in the Chopa-
wamsic (Lr) from both the northwestern and
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Figure 6. Rootless isoclines in the Chopawamsic
Formation produced by transposition of bedding
So" by penetrative foliation 51. Second foliation
(S/ is parallel to the stick. Intersection of 51 and
52 produces mullions in the lower right hand
corner of photograph. A spaced cleavage (SJ is
subparallel to the top and bottom of the photo-
graph. Same locality as Figures 4 and 5.

12c) and from two areas of the Chopawamsic
Formation, one northwest of the belt of Arvonia
rocks (Figurc l?a) and one southeast of this belt
(Figure 12b). Both plots of S1 poles to planes from
the Chopawamsic produce a girdle that follows
a great circle and support field observations that
51 foliations were folded by Fz folds. Figure 12b
shows a double girdle, which is interpreted as
representing folding of 51 surfaces by F2 folds
which are asymmetrical and have both shallow
and steeply dipping limbs.

Plots of 52 poles to planes from the Arvonia
(Figure l2c), however, form a tight cluster. This
concentration of 52 poles to planes from the
Arvonia Formation indicates an axial symmetry
for the F2 folds, and could be interpreted as
showing that 52 foliation in the Arvonia was not
markedly reoriented by Fs folds. The observed
symmetry is the result of sampling bias. All the
data points for the 52 plots were collected from
the 52 synform that occupies the northwestern
flank of a large, extremely elongate, northeast-
ward-trending F3 fold in the northwestern part
of the Andersonville quadrangle (Figure 2).
Because there are no prominent F3 fold noses that
refold this synform, cored by Arvonia Formation,
evidence that 52 surfaces are folded by F3 folds
is not shown by these diagrams.

Figure 7a. Large, refolded rootless F1 isocline
of amphibolite refolded by F2 fold. Sketch shows
fold relationships. Locality is on the north bank
of the Willis River, where State Road 633 crosses
the river. northwest of Arcanum (Andersonville
quadrangle).

The concentration of S1 poles to planes in plots
of the Chopawamsic in the area northwest of the
outcropping band of Arvonia Formation (Figure
12a) reflects the F2 axial symmetry seen in the
Arvonia Formation (Figure 12c). In the Chopa-
wamsic plot the symmetry is represented as a
maximum on a girdle that is located on a great
circle, which suggests that these rocks were par-
tially reoriented parallel to 52 surfaces. In the
plots of Chopawamsic lying southeast of the out-
cropping band of Arvonia this axial symmetry
is absent. This diagram represents a much larger
area and is the product of warping of S1 surfaces
by the F2, Fs, and Fa fold systems.

The plots of mineral lineations in the Chopa-
wamsic (Lr) from both the northwestern and
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Figure 7b. Tracing of Figure 7a showing Fl folds
refolded by Fz folds.

southeastern areas (Figures L2a and 12b) show
a frequency maximurn that is elongated. The
spread ofthe data suggests that L1 was reoriented
by a later fold event, most probably F2. Contours
of plots of L1 lineations in the Chopawamsic from
the rocks southeast of the Arvonia belt (Figure
12b) show plunges to the northeast and to the
southwest. This suggests that this lineation was
warped during the formation of F4 folds.
Northwest of the belt of Arvonia, the L1 lineations
in the Chopawamsic (Figure l?a) and the L2
lineations in the Arvonia (Figure 12c) plunge only
to the northeast. This apparent eonflict in data
is also the result of bias in sampling. Data col-
lected from both the Chopawamsic and the Ar-
vonia in the northwest were limited to the north-
eastern limb of an F4 fold and those from the
area to the southeast were taken from a much
larger area that contains both the northeastern

Figure 8. Slaty cleavage (S2) in Arvonia Forma-
tion is parallel to the stick which is laid across
the horizontal surface. A spaced cleavage (Sg)
oriented from upper left to lower right is outlined
by shadows on this surface. The intersection of
52 and 53 produces a lineation (La) on the vertical
surface that dips steeply to the viewer's right.
Locality is the Solite Corporation quarry (Arvo-
nia quadrangle).

Figure 9. Slaty cleavage (S2) surfaee in Arvonia
Formation in northwest wall of Arvonia-Buck-
ingham Slate CompotrV, Inc. quarry. Lineation
(L2) accompanies a slight indentation of the 52
surface and is oriented from upper right to lower
left. The lineation is produced at the acute angle
intersection of bedding So5 and slaty cleavage
52. Nearly vertical spaced cleavage (Sd at the
tip of the knife blade intersects 52 and produces
lineation (Ls) that plunges steeply from upper left
to lower right across photograph.
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Figure 7b. Tracing of Figure 7a showing F1 folds
refolded by Fz folds.

southeastern areas (Figures l2a and 12b) show
a frequency maximum that is elongated. The
spread of the data suggests that L1 was reoriented
by a later fold event, most probably F2. Contours
of plots of L1 lineations in the Chopawamsic from
the rocks southeast of the Arvonia belt (Figure
12b) show plunges to the northeast and to the
southwest. This suggests that this lineation was
warped during the formation of F4 folds.
Northwest of the belt of Arvonia, the L1 lineations
in the Chopawamsic (Figure L2a) and the L2
lineations in the Arvonia (Figure 12c) plunge only
to the northeast. This apparent conflict in data
is also the result of bias in sampling. Data col-
lected from both the Chopawamsic and the Ar-
vonia in the northwest were limited to the north-
eastern limb of an F4 fold and those from the
area to the southeast were taken from a much
larger area that contains both the northeastern

Figure 8. Slaty cleavage (S2) in Arvonia Forma-
tion is parallel to the stick which is laid across
the horizontal surface. A spaced cleavage (S3)
oriented from upper left to lower right is outlined
by shadows on this surface. The intersection of
52 and Ss produces a lineation (Lt on the vertical
surfaee that dips steeply to the viewer's right.
Locality is the Solite Corporation quarry (Arvo-
nia quadrangle).

Figure 9. Slaty cleavage (S2) surface in Arvonia
Formation in northwest wall of Arvonia-Buck-
ingham Slate Compzny, Inc. quarry. Lineation
(L2) accompanies a slight indentation of the 52
surface and is oriented from upper right to lower
left. The lineation is produced at the acute angle
intersection of bedding So5 and slaty cleavage
52. Nearly vertical spaced cleavage (Sg) at the
tip of the knife blade intersects 52 and produces
lineation (L/ that plunges steeply from upper left
to lower right across photograph.
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Figure 10. F2 hinge outlined by 5o6 bedding in
Arvonia Formation exposed in Solite quarry (Ar-
vonia quadrangle). Note the well developed axial
plane cleavage, 32. Hammer is for scale.

and southwestern limbs of Fa folds as mapped
by Marr (1980a and 1980b).

STRUCTURAL CONTROL OF MASSIVE
SULFIDE ORE BODIES

During deposition, stratabound, volcanogenic,
massive sulfide bodies commonly develop a pri-
mary zonation of minerals. Chalcopyrite and pyr-
rhotite are concentrated toward the bottom of the
body, pyrite and sphalerite are concentrated to-
ward the top, and galena-sphalerite is more abun-
dant in the upper part of the deposit (Sangster,
1972). This zonation may be altered during met-
amorphism because Carpenter (1974) has found
that pyrrhotite can be formed from pyrite during
metamorphism. During shearing and deforma-
tion accompanied by elevated temperatures ca-
pable of producing metamorphism, pyrite and,
to a lesser extent, sphalerite tend to deform in
a brittle fashion over a wide range of temper-

Figure 11. Exposure of slate in the Arvonia
Formation exposed in the northwestern wall,
Arvonia-Buckingham slate quarry (Arvonia
quadrangle). Bedding (So5) is intersected at ex-
tremely acute angle by nearly vertical slaty cleav-
age (Sz) (which here is parallel to the surface of
the northwest wall of the quarry) and produces
a lineation (L25) that can be seen as horizontal
lines across the photograph. Non-planar north-
west-trending vertical pairs of widely spaced
kink bands (Sa?) (light vertical bands) truncate
So5 and 52.

atures, confining pressures and strain, whereas
chalcopyrite, pyrrhotite and galena deform plas-
tically (Graf and Skinner, 1970; Stanton and
Willey, 1970; Sangster, 1972). Under such con-
ditions pyrite and sphalerite would be strung out
as thin or irregular bands along the limbs of folds,
whereas chalcopyrite, pyrrhotite, and galena
would flow into axial zones. Fold hinges might
thus contain ore bodies highly irregular in shape
and enriched in sphalerite and galena.

Most prospecting for massive sulfides in the
Chopawamsic Formation has been on the atten-
uated limbs of isoclinal folds, because it is on these
limbs that the ore bodies generally crop out on
the surface and there develop obvious gossans.

Drilling of some sulfide deposits in the Ander-
sonville quadrangle indicates that they are com-
posed of several mineral-bearing horizons
(Young, 1931). At current market prices, such
massive sulfide deposits are too sporadic and too
small to be of economic valire and the diseovery
of larger ore bodies will be necessary to support
mining in the area.

Because the massive sulfide bodies are de-
formed by one pre-Arvonia and three post-Ar-
vonia fold events their original geometry has been
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Figure 10. F2 hinge outlined by So5 bedding in
Arvonia Formation exposed in Solite quarry (Ar-
vonia quadrangle). Note the well developed axial
plane cleavage, 52. Hammer is for scale.

and southwestern limbs of Fa folds as mapped
by Marr (1980a and 1980b).

STRUCTURAL CONTROL OF MASSIVE
SULFIDE ORE BODIES

During deposition, stratabound, volcanogenic,
massive sulfide bodies commonly develop a pri-
mary zonation of minerals. Chalcopyrite and pyr-
rhotite are concentrated toward the bottom of the
body, pyrite and sphalerite are concentrated to-
ward the top, and galena-sphalerite is more abun-
dant in the upper part of the deposit (Sangster,
L972). This zonation may be altered during met-
amorphism because Carpenter (L974) has found
that pyrrhotite can be formed from pyrite during
metamorphism. During shearing and deforma-
tion accompanied by elevated temperatures ca-
pable of producing metamorphism, pyrite and,
to a lesser extent, sphalerite tend to deform in
a brittle fashion over a wide range of temper-

Figure 11. Exposure of slate in the Arvonia
Formation exposed in the northwestern wall,
Arvonia-Buckingham slate quarry (Arvonia
quadrangle). Bedding (So5) is intersected at ex-
tremely acute angle by nearlyvertieal slaty cleav-
age (Sz) (which here is parallel to the surface of
the northwest wall of the quarry) and produces
a lineation (L25) that can be seen as horizontal
lines across the photograph. Non-planar north-
west-trending vertical pairs of widely spaced
kink bands (Sa?) (light vertical bands) truncate
So5 and 52.

atures, confining pressures and strain, whereas
chalcopyrite, pyrrhotite and galena deform plas-
tically (Graf and Skinner, 1970; Stanton and
Willey, 1970; Sangster, 1972). Under such con-
ditions pyrite and sphalerite would be strung out
as thin or irregular bands along the limbs of folds,
whereas chalcopyrite, pyrrhotite, and galena
would flow into axial zones. Fold hinges might
thus contain ore bodies highly irregular in shape
and enriched in sphalerite and galena.

Most prospecting for massive sulfides in the
Chopawamsic Formation has been on the atten-
uated limbs of isoclinal folds, because it is on these
limbs that the ore bodies generally crop out on
the surface and there develop obvious gossans.

Drilling of some sulfide deposits in the Ander-
sonville quadrangle indicates that they are com-
posed of several mineral-bearing horizons
(Young, 1981). At current market prices, such
massive sulfide deposits are too sporadic and too
small to be of economic valire and the discovery
of larger ore bodies will be necessary to support
mining in the area.

Because the massive sulfide bodies are de-
formed by one pre-Arvonia and three post-Ar-
vonia fold events their original geometry has been
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extremely altered. Stresses producing F1 iso-
clines greatly transposed and attenuated Sg"
beds. These stresses must have caused flattening
and stretchingof the stratabound massive sulfide
deposits in the Chopawamsie along Fl fold limbs.
During this deformation chalcopyrite, pyrrho-
tite, and galena would tend to flow toward the
axes of folds and the massive sulfide body would
thicken in the hinge zones ofthese loeally rootless
F1 folds similar to those shown in Figures 4, 5,
and 6. It follows that the ore bodies in the Cho-
pawamsic would be concentrated in hinges of both
loeally rootless F1 folds and in F2 folds (similar
to, but on a larger scale than the fold defined
by the amphibolite shown in Figure ?) and that
intersecting hinges of super-imposed folds are

prime areas for the occurrence of massive sulfide
deposits.

This concept that massive sulfide bodies in the
Chopawamsic Formation are thickened by plastic
flowage into fold hinges can be tested by analysis
of existing geologic and drill hole data. The more
particular coneept that the greatest thicknesses
of these bodies occurs at the intersections of
hinges of different fold systems is not readily
tested from these data. The test data include a
geologic map of the gossan and surrounding rocks
prepared by Marr (1980b) and drill-core logs of
Young (1981) for the massive sulfide body which
Young designated as Zone 24, located in the
extreme east-central part of the Andersonville
quadrangle (Figure 13). The massive sulfide body

a.\, --^-\
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Figure 12. Equal area contour diagrams of poles to foliations and of lineations based on data from
the Andersonville and Willis Mountain quadrangles. Poles to foliations are contoured in solid lines;
lineations are contoured in dashed lines. Values are of contour lines in percent.
A.' Chopawamsic Formation northwest of outcropping band of rocks of the Arvonia Formation. Poles

to 51 and Ll lineations.
B. Chopawamsic Formation southeast of outcropping band of rocks of the Arvonia Formation. Poles

to Sl and Ll lineations.
C. Arvonia Formation. Poles to 52 and L25 lineations.
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Figure 13. Geologic map and interpretive cross sections of massive sulfide zone 24. East-central part
of the Andersonville quadrangle.

occurs in amphibole gneiss. The outcrop of this
body is marked by the largest gossan zone in the
quadrangle and is contained within the hinge
zone of a fold. At Zone 24, Young (1981) found
a fairly consistent stratigraphic sequenee in the
drilled area which indicated that it was in the
crestal portion of a partially eroded antiform. The
structure of the area includes an F2 synform lying
just southeast of the gossan which has been re-
folded by a northwest-trending Fa fold, the axis
of which can be traced approximately through
the center of the g:ossan zone (Figure 13).

The writer's interpretation of the structure is
based on geologic contacts mapped by Marr
(1980b) and core data from Young (1981). The
interpretation is shown in the cross seetions A-
A'through C-C'of Figure 13. In this illustration
the core holes are superimposed on the cross
sections.

Massive sulfide horizons shown in cross seetions
B-B' and C-C' clearly outline the limbs of an
antiformal structure that is probably comple-

mentary to the F2 synform reeognized by Marr
(19S0b). The massive sulfide body is thickest in
the hinge zone of the antiformal fold, which is
exposed at the surface and produces and large
gossan. Cross section A-A'is located on the north-
western edge of the gossan and shows two rootless
F1 folds, one on eaeh limb of the antiform. In
ad-dition, extreme attenuation along the limbs of
the antiform has proeeeded to the extent that the
lower limb is totally pulled apart. These cross
seetions support the idea that the massive sulfides
are concentrated in the axes of folds and indicate
that the understanding of fold geometry of the
area is an important factor in the location of
economic massive sulfide bodies.
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ABSTRACT

The lithologies and fossils of the Martinsburg
Formation have been examined at twenty-seven
loealities in southwestern Virginia. Sections at
four of these loealities are most completely ex-
posed and served as control sections for the study.
The Martinsburg (450 to 250 m) is comprised of

rPresent Address: Mobil Research and Develop-
ment Corporation
P. O. Box 900, Dallas, Texas
752t1

zPresent Address: Department of Geology, Am-
herst College
Amherst, Massachusetts
01002

upper and lower tongues of terrigenous clastie
sediments, which are separated by a thin shaley
limestone interval in easternmost exposure belts.
In westernmost exposures the formation is pre-
dominantly earbonate rocks with some shale in
the upper half. Sandstone is the dominant lithol-
ogy in the top 50 meters in the eastern half of
the study area. All these lithologies are charac-
terized by distinctive thin-to-medium scale bed-
ding and sedimentary structures believed to have
resulted from contrasting storm and fair weather
processes in a marine-shelf depositional environ-
ment.

The Martinsburg Formation is abundantly fos-
siliferous, including brachiopods, bryozoans, bi-
valve molluscs, and trilobites. However, the rel-
ative abundance of faunal elements is strongly
related to lithologic faeies. Biostratigraphic
markers are rare, the most reliable is the dis-
appearanc e of Sowerbgella curd,sui,Ilensis. Bento-
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nites near the base of the formation provide a
reliable time-stratigraphic boundary.

INTRODUCTION

The Upper Ordovieian Martinsburg Formation
in southwestern Virginia is a richly fossiliferous
unit that eonsists of well-bedded limestone, silt-
stone, and sandstone, interbedded with shale. The
formation is exposed in the Appalachian Valley
and Ridge province in a series of imbricate thrust
sheets (Figure 1). This belt of rocks in which the
Martinsburg exposures oceur is bounded on the
westby Upper Paleozoic rocksof the Appalachian
Plateaus and is in fault contact with Precam-
brian metamorphic rocks of the Blue Ridge prov-
inee to the east (Figure 1). Lithologies and fauna
of the Martinsburg Formation in southwestern
Virginia were described by the authors (Kreisa,
1980) (Springer, 1982). Beeause the formation is
thick (300+m) and relatively nonresistent to
weathering, it is nowhere completely exposed.
Four nearly complete sections are suitably lo-
cated within the study area (Figure 1) to serve
as control sections. Theqe four sections were
measured and sampled in detail (Figure l, Ap-
pendix I). Twe.nty-three partially exposed, inter-

mediate sections were used to reconstruct facies
relationships (Figures I and 2).

The authors are grateful to R. Sue Murley,
Brian Cooper, and Franeis Plants Whitehurst for
field assistanee. Our thanks, also, to Richard K.
Bambaeh and J. Fred Read for field visits and
many helpful discussions. We gratefully acknowl-
edge partial financial support from the Virginia
Division of Mineral Resources, the Department
of Geology, VPI & SU., the American Association
of Petroleum Geologists, Sigma Xi, and the Geo-
logical Society of America.

LITHOSTRATIGRAPHY

The Martinsburg Formation was named for
exposures near Martinsburg, West Virginia
(Geiger and Keith, 1891). These exposures lie in
the Great Valley which extends from Virginia
to New York along the eastern margin of the
Valley and Ridge province. Although the forma-
tion name is applied in mappingthroughout most
of southwestern Virginia (Butts, 1940; Calver and
Hobbs, 1963), the formation there is lithologically
different from the Martinsburg in the type area.
In the Great Valley, the Martinsburg Formation
consists predominantly of a basal dark gray to

MAJOR THRUST FAULT
NORTH MOUNTAIN
BLUE RIDGE
SALTVILLE
PULASK I - STAUNTON
ST. CLAIR
PINE MOUNTAIN

MIDDLE AND UPPER
ORDOVICIAN ROCKS

SECTION
s./

s../o 50 roo

-

KILOMETERS

KY.

Figure 1. Generalized geologic and location map of the study area. Numbered sections are: 1 - Catawba
Mountain;2 - Narrows; 3 - Walker Mountain; 4 - Hagan (See Appendix I).



PUBLICATION 74

@ SANDSToNE

:sHM
ffi rMEsroE

35

Figure 2. Lithologic cross sections, Martinsburg
Formation and equivalents; palinspastic base.
Patterns shown are portions of the section con-
tainini greater than 50 pereent sandstone, shale,
and limestone respectively. See Figure 1 for
location of measured sections.

black shale and overlying interbedded gray-
waeke and shale (flysch) with a meager fauna
consisting mostly of graptolites (McBride, 1962;
Rader and Henika, 1978). Stephens and Wright
(1981) have described the lithologic and biostra-
tigraphic relationships of the flysch facies of the
Martinsburg Formation in the Great Valley of
Pennsylvania. In southwestern Virginia and in
exposures in the western anticlines of west cen-
tral Virginia (Rader and Ryan, 1965) the Mar-
tinsburg Formation is composed of skeletal, in-
traclast and peloidal limestone, siltstone and
sandstone, interbedded with shale. The formation
contains an abundant benthic marine fauna
(Walker, 1967, 1970; Plants, 1977; Bambach,
Kreisa and Whitehurst, 1978). In Lee County,
Virginia, equivalent lithologies eontain less ter-
rigenous sediment and the "Trenton" Formation
and "Reedsville" Shale are considered Martins-
burg equivalents (Butts, 1940; Miller and
Brosge ,1954; Calver and Hobbs, 1963).

The Martinsburg Formation in southwestern
Virginia has commonly been divided into "Tren-
ton", "Eden", and "Maysville" "members" based
largely on fossil taxa (Butts, 1940; Cooper, 1944;
Woodward,1932; Rader and Ryan, 1965). Walker
(1967, 1970) departed from this practice and
defined three lithologic "facies" (Walker, 1970,
p.216-2L7). A similar three-fold lithologic sub-
division of the Martinsburg and its southwestern
equivalents has been recognized in this study,

though facies deseriptions and distributions
differ somewhat from Walker's. The Formation
has been divided into three lithofacies which
contain more than 50 percent limestone, shale,
or sandstone, respectively (Figure 2). The limes-
tone elassification used in this study is that of
Dunham, 1962.

The lower shale tongue (Figure 2) contains a
few thin beds of very fine-grained sandstone and
siltstone near the base of seetions in the eastern
part of the area, and thin and very thin beds of
skeletal packstone, and terrigenous, silty peloidal
limestone throughout. Limestone beeomes more
abundant through the upper half of the lower
shale tongue and undergoes a very gradational
transition to the overlying limestone-dominated
facies. To the west, very thin medium-bedded
skeletal, intraclast and peloidal limestone dom-
inates the entire lower portion of the section
(Figure 2). This lateral transition from the lower
shale tongue is also gradual. In the far western
part of the area, only 5 to 1,5 percent of the lower
strata ("Trenton" Formation) is shale.

Transition to the laterally extensive upper
shale-dominated wedge (Figure 2) is sharp, oc-
curring over less than l0 meters vertically and
commonly in only one to two meters. The upper
shale wedge eontains thin and very thin beds of
skeletal and peloidal limestone and calcareous
siltstone at the base. Fine- and very fine-grained
sandstqne gradually increases in abundance up-
ward, becoming the most abundant lithology as
thin and thick beds in the upper portion of the
Martinsburg in the western and central parts of
the study area (Figure 2).

The Martinsburg Foimation and its equival-
ents in southwestern Virginia conformably over-
lie a variety of gray limestones (Eggleston For-
mation) in the western and northern part of the
study area, and red mudroek and sandstone facies
(Bays and Moceasin formations) in the central,
southern and eastern parts of the area (Hergen-
roder, 1966; Kreisa, 1980; Read, 1980). The base
of the formation is placed usually at the lowest
fossiliferous skeletal packstone. This lithologie
marker is sharp. Non-fossiliferous and sparsely-
fossiliferous beds similar to those whieh occur
below it never reeur above. In addition, it falls
near the top of the zone of abundant bentonites
("cuneiform group" of Rosenkrans, 1936) in all
measured sections. More precisely, throughout
most of the region, it typically occurs three to
ten meters above bentonite "V-To of Rosenkrans
(1936); Cooper, (L944, p. 99); Miller and Fuller,
(1954, p. 131); Hergenroder, (1966, Plate 12);
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Kreisa, (1980). The bentonite horizon, always
close to the lower contact is probably a reliable
time marker and is used as the stratigraphie
datum for eross sections in this paper.

The top of the formation is placed below the
first abundant reddish-gray sandstone or mud-
rock of the overlying Juniata or Sequatchie for-
mations. Throughout most of southwestern Vir-
ginia the Martinsburg Formation is overlain by
the Juniata Formation. The Martinsburg-Juniata
contact occurs at or near the top of a 10- to 15-
meter zone of highly bioturbated lithologies con-
taining abundant Lingula and. OrthorhEnchula
Iinneyi. This contact is probably time-transgres-
sive, becomingyounger to the west and southwest.
Locally along the southeastern margin of the
study area (for example, Catawba Mountain, Fig-
ure 1, Section 1) the Juniata Formation has been
removed by late Ordovician erosion and the Mar-
tinsburg is unconformably overlain by Silurian
sandstones. In Lee County at the far southwestern
tip of Virginia, the Martinsburg ("Reedsville")
Formation contains abundant limestone near the
top (Appendix I, Hagan Section) and Lingula. and
Orthorhgncula are rare or absent. Here the Mar-
tinsburg grades upward to red and greenish-gray
calcareous shale, mudstone and limestone of the
Sequatehie Formation.

The regional thickness pattern of the Martins-
burg Formation (Figure 3) is not well known due
to structural deformation and poor exposure.
Thickness of the formation is especially difficult
to determine on the North Mountain fault block
and the isopachous contours of Figure 3 are
generalized in that area. In southwestern Vir-
ginia the Martinsburg thickens gradually from
approximately 300 meters at Virginia's south-
western tip, to approximately 440 meters east-
ward and northeastward near Roanoke, and then
thickens markedly into the flysch facies in the
Great Valley.

Regardless of the relative abundance of sand-
stone, shale, or limestone present in the Martins-
burg Formation, these lithologies nearly always
occur in distinctly segregated beds (Figure 4).
This bedding and associated sedimentary struc-
tures are described and interpreted in detail
elsewhere (Kreisa, 1981), and are treated only
briefly here. Individual beds commonly occur in
fining-upward sequences (Figures 4 and 5) rang-
ing from less than one to more than 80 cm in
thickness, which typically have a sharp or scoured
base and a gradational or burrowed upper bed
surface. Where they are complete, fining-upward
sequences consist of a couplet of whole-fossil

Figure 3. Thickness of Martinsburg Formation
and equivalents; palinspastic base. Sources: this
report (black dots); Rader and Ryan, 1965, (X's);
published maps and reports.

Figure 4. Bedding and sedimentary structures
in the Martinsburg Formation.
A) Interbedded shale and limestone (L), U. S.
Highway 460 at Narrows. Note distinct segre-
gation of lithologies.
B) Interbedded shale (sh) and very fine-grained
sandstone (s), Narrows. Note that several sand-
stone beds are fining-upward sequences of basal
sandy limestone (L), sandstone, and shale.

_CONTOURS IN METERS
---MAJOR FAULTS
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Kreisa, (1980). The bentonite horizon, always
close to the lower contact is probably a reliable
time marker and is used as the stratigraphic
datum for cross sections in this paper.

The top of the formation is placed below the
first abundant reddish-gray sandstone or mud-
rock of the overlying Juniata or Sequatchie for-
mations. Throughout most of southwestern Vir-
ginia the Martinsburg Formation is overlain by
the Juniata Formation. The Martinsburg-Juniata
contact occurs at or near the top of a 10- to 15-
meter zone of highly bioturbated lithologies con-
taining abundant Lingula and Orthorhynchula
linneyi. This contact is probably time-transgres-
sive, becoming younger to the west and southwest.
Locally along the southeastern margin of the
study area (for example, Catawba Mountain, Fig-
ure 1, Section 1) the Juniata Formation has been
removed by late Ordovician erosion and the Mar-
tinsburg is unconformably overlain by Silurian
sandstones. In Lee County at the far southwestern
tip of Virginia, the Martinsburg ("Reedsville")
Formation contains abundant limestone near the
top (Appendix I, Hagan Section) and, Lingulo and
Orthorhyncula are rare or absent. Here the Mar-
tinsburg grades upward to red and greenish-gray
calcareous shale, mudstone and limestone of the
Sequatchie Formation.

The regional thickness pattern of the Martins-
burg Formation (Figure 3) is not well known due
to structural deformation and poor exposure.
Thickness of the formation is especially difficult
to determine on the North Mountain fault block
and the isopaehous contours of Figure 3 are
generalized in that area. In southwestern Vir-
ginia the Martinsburg thickens gradually from
approximately 300 meters at Virginia's south-
western tip, to approximately 440 meters east-
ward and northeastward near Roanoke, and then
thickens markedly into the flysch facies in the
Great Valley.

Regardless of the relative abundance of sand-
stone, shale, or limestone present in the Martins-
burg Formation, these lithologies nearly always
occur in distinctly segregated beds (Figure 4).
This bedding and associated sedimentary struc-
tures are described and interpreted in detail
elsewhere (Kreisa, 1981), and are treated only
briefly here. Individual beds commonly occur in
fining-upward sequences (Figures 4 and 5) rang-
ing from less than one to more than 80 cm in
thickness, which typically have a sharp or scoured
base and a gradational or burrowed upper bed
surface. Where they are complete, fining-upward
sequenees consist of a couplet of whole-fossil
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Figure 3. Thickness of Martinsburg Formation
and equivalents; palinspastic base. Sources: this
report (black dots); Rader and Ryan, 1965, (X's);
published maps and reports.

Figure 4. Bedding and sedimentary structures
in the Martinsburg Formation.
A) Interbedded shale and limestone (L), U. S.
Highway 460 at Narrows. Note distinct segre-
gation of lithologies.
B) Interbedded shale (sh) and very fine-grained
sandstone (s), Narrows. Note that several sand-
stone beds are fining-upward sequences of basal
sandy limestone (L), sandstone, and shale.
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packstone and laminated sandstone, siltstone, or
carbonate, which in turn grades up to shale
(Figures 4, 5, and 6). This bedding style is in-
terpreted to have formed because of eontrasting
storm and fair-weather processes. Major storms
that occurred over the Martinsburg marine shelf
produced long period rraves, which disturbed the
bottom sediment well below "normal" wave-base.
Coarse sediment, sueh as shells and ripped-up
intraclasts, formed winnowed lag deposits
whereas sand and mud sized sediments were
suspended by the wave energ'y and deposited in
laminated beds and shale layers when the storms
waned. Mueh of the shale probably also repres-
ents normal hemipelagic deposition. Sedimen-
tary structgres sueh as "hummoeky cross-strat-
ification" (Figure 6) (Harms and others, 1975) and
"elimbing wave-ripple lamination" (Kreisa, 19S1)
are believed to be important clues to the origin
of storm-generated bedding. These sedimentary
structures are abundant in the Martinsburg For-
mation and their occurrence is noted in the de-
scriptive sections (Appendix I). Although only
between 10 and 40 percent of the beds occur as
complete couplets of packstone-laminated sand-
stone, most beds are interpreted to have formed
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in a similar way. Only in the upper 10 to L5 meters
of the Martinsburg Formation is such bedding
largely absent. Here it has been destroyed by
intense bioturbation.

Most measured sections of the Martinsburg
Formation contain several zones (up to seven)that
have been influenced by soft sediment deforma-
tion (see Appendix I). These zones range in thick-
ness from a few decimeters to 8 meters and are
most common in the sand-dominated facies near
the top of the formation. Some zones consist of
ball-and-pillow structures and slightly deformed
bedding within which individual disjointed or
contorted beds can be traced across the outcrop.
Others are comprised of scattered, chaotically
arranged blocks of sandstone, sandy packstone,
and other lithologies imbedded in zones of mas-
sive, matrix-rich, poorly-sorted fine-grained
sandstone. These deformational features are at-
tributable to loss of strength within the sediment
not long after it was deposited (Kreisa, 1980).
Liquefaction, resulting from increased pore-fluid
pressure resulting in a temporary fluid-like mix-
ture of sand, clay and water is probably respon-
sible for the massive, matrix-rich sandstones.
Similar soft sediment deformational phenomena
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Figure 5. Idealized sequence of lithologies and sedimentary structures from the Martinsburg For-
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Figure 6. Sedimentary structures in the Martins-
burg Formation.
A) Hummocky cross-stratified sandstone, U. S.
Highway 311 at Peters Mountain Virginia - West
Virginia. Note also irregular scoured base (B).
B) Interbedded limestones and shale, Narrows.
Note hummocky cross-stratified limestone (cal-
carenite) near scale (15 cm long), scoured basal
bed contacts, and beds whieh are couplets of
packstone (P) and calcarenite (c).

have been documented to result from seismic
shock and from cyclic loading associated with the
passage of large ocean-waves. Martinsburg soft-
sediment deformation zones show little evidence
of lateral movement (i.e. slumping; Appendix I;
Kreisa, f980).

The composition of Martinsburg Formation
lithologies has been documented using thin sec-
tions, insoluble residues, and X-ray diffraetion
(Kreisa, 1980). Martinsburg sandstones are lithic
and sublithic arenites (Appendix II). They con-
tain an average of 17 percent chloritic and illitic
matrix, much of whieh has apparently formed

through diagenetic crushing of micaeeous rock
fragments. Carbonate and silica cements are sub-
equally abundant, comprising a total of about 20
percent of the rock volume. Discounting minor
constituents, cement, and matrix, Martinsburg
sandstones average 66 percent qaartz,26 percent
micaceous rock fragments and 8 percentfeldspar.
Based on clay minerals identified by X-ray dif-
fraction for five shale samples, the shales of the
Martinsburg Formation consist dominantly of
white mica (35 to 50 percent), kaolinite (up to
30), and vermiculite (up to 45), with lesser
amounts of montmorillonite, chlorite, and mixed-
layer chlorite/vermiculite (up to l5 of each). Both
the sandstones and the shales are typically light-
to medium gray and light-olive gray.

Limestones of the Martinsburg Formation in-
clude abundant skeletal packstones, laminated
peloidal calcarenites and calcisiltites, and lime
mudstone. Coarse, whole-fossil packstones are
abundant and contain whole and broken brachi-
opods, molluscs, eehinoderms, trilobites, and bry-
ozoans, in addition to lime mud (micrite) (Ap-
pendix II). Sand and silt-sized carbonates
typically include abundant peloids and fine-
grained skeletal fragments.

BIOSTRATIGRAPHY/BIOFACIE S

The Martinsburg Formation fauna is moder-
ately diverse, composed primarily of stropho-
menid and orthid brachiopods, trepostome bry-
ozoans, bivalve molluscs, and isotelid trilobites.
Rhynchonellid brachiopods, pleurotomariacean
and bellerophontid gastropods, erinoids, and nau-
tiloid cephalopods are locally important. A listing
of common Martinsburg species identified in this
and other studies is found in Appendix III. Pres-
ervation commonly occurs as internal, external
or composite molds. Original shell material is
preserved in many brachiopod and bryozoan spec-
imens.

Biostratigraphic markers are rare in the Mar-
tinsburg. Rust (1968) examined the sparse cono-
dont fauna and correlated the Martinsburg For-
mation with Trenton and younger rocks in New
York State. Walker (1967) placed the Trentonian-
Edenian boundary with the Rafinesquina alter-
nata/Dalmanella bassleri zone (Martinsburg spe-
cies identified as Dalmanelld, are now considered
synonymous with Onniella, G. Chandlee, personal
communieation, 1981). This zone oecurs between
335 and 366 meters above the base of the section
at Catawba and Walker mountains, between 274
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Figure 6. Sedimentary structures in the Martins-
burg Formation.
A) Hummocky cross-stratified sandstone, U. S.
Highway 311 at Peters Mountain Virginia - West
Virginia. Note also irregular scoured base (B).
B) Interbedded limestones and shale, Narrows.
Note hummocky cross-stratified limestone (cal-
carenite) near scale (15 cm long), scoured basal
bed contacts, and beds which are couplets of
packstone (P) and calcarenite (c).

have been documented to result from seismic
shock and from cyclic loading associated with the
passage of large ocean-waves. Martinsburg soft-
sediment deformation zones show little evidence
of lateral movement (i.e. slumping; Appendix I;
Kreisa, 1980).

The composition of Martinsburg Formation
lithologies has been documented using thin sec-
tions, insoluble residues, and X-ray diffraction
(Kreisa, 1980). Martinsburg sandstones are lithic
and sublithic arenites (Appendix II). They con-
tain an average of 17 percent chloritic and illitic
matrix, much of which has apparently formed

through diagenetic crushing of micaceous rock
fragments. Carbonate and silica cements are sub-
equally abundant, comprising a total of about 20
percent of the rock volume. Discounting minor
constituents, cement, and matrix, Martinsburg
sandstones average 66 percent qtattz,26 percent
micaceous rock fragments and 8 percent feldspar.
Based on clay minerals identified by X-ray dif-
fraction for five shale samples, the shales of the
Martinsburg Formation consist dominantly of
white mica (35 to 50 percent), kaolinite (up to
30), and vermiculite (up to 45), with lesser
amounts of montmorillonite, chlorite, and mixed-
layer chlorite/vermiculite (up to 15 of each). Both
the sandstones and the shales are typically light-
to medium gray and light-olive gray.

Limestones of the Martinsburg Formation in-
clude abundant skeletal packstones, laminated
peloidal calcarenites and calcisiltites, and lime
mudstone. Coarse, whole-fossil packstones are
abundant and contain whole and broken brachi-
opods, molluscs, echinoderms, trilobites, and bry-
ozoans, in addition to lime mud (micrite) (Ap-
pendix II). Sand and silt-sized carbonates
typically include abundant peloids and fine-
grained skeletal fragments.

BIOSTRATIGRAPHY/B IOFACIE S

The Martinsburg Formation fauna is moder-
ately diverse, composed primarily of stropho-
menid and orthid brachiopods, trepostome bry-
ozoans, bivalve molluscs, and isotelid trilobites.
Rhynchonellid brachiopods, pleurotomariacean
and bellerophontid gastropods, crinoids, and nau-
tiloid cephalopods are locally important. A listing
of common Martinsburg species identified in this
and other studies is found in Appendix III. Pres-
ervation commonly occurs as internal, external
or composite molds. Original shell material is
preserved in many brachiopod and bryozoan spec-
imens.

Biostratigraphic markers are rare in the Mar-
tinsburg. Rust (1968) examined the sparse eono-
dont fauna and correlated the Martinsburg For-
mation with Trenton and younger rocks in New
York State. Walker (1967) placed the Trentonian-
Edenian boundary with the Rafinesquina alter-
natal D almanella b assleri zone (M artinsburg spe-
cies identified as Dalmanello are now considered
synonymous with Onniella, G. Chandlee, personal
communication, 1981). This zone occurs between
335 and 366 meters above the base of the section
at Catawba and Walker mountains. between 274
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and 305 meters at Narrows, and between 168 and
198 meters at Hagan.

The disappearanee of. Sowerbg ella curdsaillen-
s'ris, the larger of two speeies of Sowerbgellafound.
in the Martinsburg, probably represents the most
reliable biostratigraphic marker in the forma-
tion. S. curdsail[ensis disappears between 45 and
60 meters above the base of the sections at Hagan,
Walker Mountain, and Narrows, and is replaced
by the smaller speeies, S. rugosa. The species
change is not directly observable at Catawba
Mountain, where exposures are poor or nonex-
istent between 9 and 73 meters above the base.
S. eurd,sui,llensis w as eollected immediately below
the covered interval. S. rugoso was collected
immediately above the covered interval, indicat-
ing that the species change-over occurs within
that 60-meter portion of the section, a stratigra-
phic position not ineonsistent with that in the
other three sections. (Ranges of major Martins-
burg taxa are recorded in Figure 7).

The Mhorhynchula zone (Bassler, 1919), ap-
proximately the upper 30 meters of Martinsburg
and Reedsville formations in southwestern Vir-
ginia, has been considered a local range zone
(hence, of biostratigraphie significance) (Butts,
1940) and a faeies-controlled faunal zone (Butts,
1945; Woodward, 1951; Walker, 1967). Species
from this zone inelude abundant nueulanaeean,
modiomorphid, and pterioid bivalves, pleuroto-
mariacean and bellerophontid gastropods, and
linguloid brachiopods, as well as O. Iinneyi, the
large rhynehonellid brachiopod for which the
zone is named. The Orthorhgnchula zone fauna
oceur predominantly in fine- to very fine-grained
calcareous sandstones within the study area. The
fauna has been found as well in argillaeeous
limestones, thick-bedded limestones, and silt-
stones near the top of the Reedsville and Mar-
tinsburg formations through the Central Appal-
aehians (Bretsky, 1970).

Rocks in which Mhorhgnchula and, its asso-
ciated fauna oceur contain abundant sedimento-
logic and strataigraphie evidence of deposition
in near-shore environments. The Mhorhgnchula
zone represents a fauna tolerant of high stress
conditions, partieularly salinity fluctuations and
bottom instability, which may be preserved in
a number of different lithologies. (Springer and
Bambach, 1980; Springer, 1982).

The Mhorhynehula zone is diachronous
(younger to the west), reflecting shifting shore-
line position during final filling of the late Or-
dovician Martinsburg depositional basin (Kreisa,

1980, 1981). It is therefore a local range zone,
but eannot be considered an accurate time-line.

GEOLOGIC HISTORY

The Martinsburg Formation and its equival-
ents in southwestern Virginia were deposited on
an open-marine platform as evidenced by the
abundant shelly fauna found in these strata.
Limestones and red beds of the underlying Eg-
gleston, Moccasin, and Bays formations were
deposited in a variety of peritidal and deltaic
environments (Hergenroder, 1966; Kreisa, 1980;
Read, 1980). Open-marine conditions of the Mar-
tinsburg Formation were established during an
initial transgression that drowned these under-
lying environments. Bentonite stratigraphy sug-
gests that the transgression was nearly synchro-
nous throughout the study area. The marine
platform extended the entire width of present
exposure belts in southwestern Virginia, south-
ward into eastern Tennessee (Rodgers, 1953), and
north of the study area through west-central
Virginia (Rader and Ryan, 1965) at least as far
as central Pennsylvania (Thompson, 1972). The
platform tb the north lay northwest of a flyseh
basin that extended along the eastern margin of
the Valley and Ridge provinee from central Vir-
ginia to southern New York (MeBride, 1962;
Rader and Henika, 1978). The preeise geometry
of the platform in southwestern Virginia is not
clear due to limited exposure, but it appears that
after initial transgression the platform sloped
gently to the northeast and was thus a ramp as
defined by Ahr (1973).

Fine terrigenous clastic sediments deposited on
the southeastern part of the Martinsburg plat-
form during early Martinsburg time (the lower
shale tongue, Figure 2) were shed from tectonic
uplands to the southeast. The uplands were as-
sociated with the waning stages of an early phase
of the Taconic Orogeny (the Blountian phase;
Rodgers, 1953, 1971; Kreisa, 1980). Terrigenous
influx gradually slackened, giving way to dom-
inantly carbonate deposition across most of the
platform (Figure 2) during mid-Martinsburg
time.

The change from clastic to carbonate-domi-
nated faeies is accompanied by shifts in relative
abundance of several faunal elements. Onniella
sp. 1 and. R. alternato decrease in relative abun-
dance; S. curdsui,llensis disappears, to be replaeed
by S. rugoso in the carbonate-rich tongue near
the middle of the Martinsburg (Figure 2).
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Figure 7. Ranges of important Martinsburg taxa at Hagan, Walker Mountain, Narrows, and Catawba
Mountain sections, southwestern Virginia. Refer to Appendix III for taxa.
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The upper half of the Martinsburg Formation
reflects renewed influx of terrigenous elastic
sediments aecompanying the main or "Hudson
Valley" (Rodgers, 1971) phase of the Taconic
orogeny in the southeastern source area. This
sequence of strata coarsens upwards and fine-
grained terrigenous sediments spread farther to
the west than during deposition of the lower half
of the formation (Figure 2). The fauna of the
upper portion of the Martinsburg reflects the
return to the elastie-dominated depositional re-
gime. Onniella and Bafinesquina again beeome
abundant; S. regosa, unable to tolerate the in-
crease in frequency of disturbanee associated
with final filling of the basin, ceases to be an
important member of the fauna.

The intensely burrowed beds at the top of the
Martinsburg Formation, whieh contain abundant
Orthorhynchula linnegi, Lingula, and clams, were
deposited in very nearshore, shallow water en-
vironments, at or just below the lower limit of
fair-weather wave base. This burrowed horizon
is directly overlain by beach and deltaic facies
of the Juniata Formation (Kreisa, 1980, 1982) and
is very similar to highly bioturbated zones found
at the transition between the offshore and shore-
face environments in modern depositional set-
tings (Howard and Reineck, 1972; Reineck and
Singh, 1975). Little terrigenous sand was trans-
ported as far as Lee County, either during the
time of deposition of the upper Martinsburg
Formation or the time of deposition of the Se-
quatchie Formation. There and farther to the
southwest in Tennessee the marine platform
gradually shoaled to sea level and red mudstone
and carbonate of the overlying Sequatchie For-
mation were deposited largely on peritidal mud
flats (Kreisa, 1980; Milici and Wedow,1977).
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APPENDIX I: STRATIGRAPHIC SECTIONS

Descriptions of four lithologic seetions which by Ingram (1954) and limestones are classified
arerepresentativeof theMartinsburgFormation according to Dunham (1962). In addition to the
in southwestern Virginia are presented here. descriptions presented here, details of sedimen-
Sections $/ere measured with Jacob staff, except tary structures and the relative abundances of
where noted for certain covered intervals. Grain lithologies were doeumented with thirty sequen-
size for sandstones was determined in the field ces, from one to seven meters thick, which were
bycomparisonwithagrain-sizechartdistributed measured and described in centimeter-by-centi-
by the Geologic Speeialty Company, and colors meter detailed (Kreisa, 1980). "HCS" and CWRL"
of all units are from the Geological Society of refer to the sedimentary structures "Hummocky
America Rock Color Chart (Goddard and others, Cross-Stratifieation" and "Climbing Wave-Rip-
1951). Bedding thiekness terms are those defined ple Lamination" respectively (see text).

Catawba Mountain Seetion: Measured along U.S. Hishway 311, on the northwest slope of the mountain;
beginning at the erest of the mountain approximately 1.5 km east of the Catawba Post Office.

Tuscarora Formation-Not measured

Juniata Formation-Absent, probable unconformity

Martinsburg Formation-Total thickness 440. 1g meters

THICKNESS CUMULATIVE
(mnters) THICKNESS

2.44 2.44

4.85 7.29

43

UNIT

1 sandstone, fine to very fine grained, grayish red and some light olive gray,
thin bedded, but bedding largely destroyed by burrowing; phosphatic
nodules. In this section, phosphatic nodules (O.ztnzcm) are generally closely
associated with Li,nwla shells.

2 Sandstone, fine to very fine grained, light olive gray, thin to medium bedded,
but largely destroyed by burrowing; phosphatic nodules.

3 Not exposed 1.bg

4 sandstone and minor shale; sandstone very fine grained, very thin bedded, 6.lg
highly burrowed; phosphatic nodules.

5 sandstone and minor shale; sandstone thin to thick bedded, Hcs, cwRL, 7.50
plane laminated; many beds have shale intraclasts and shells concentrated
at their base; beds variable in thickness laterally.

6 sandstone and mudstone; beds disrupted by soft sediment deformation: 0.zl
sandstone as isolated, rotated ball-and-pilow-structure, 1 to a few cm long
(load-cast ripple cross-lamination); medium light gray.

7 Highly fossiliferous sandstone. O.ZL

8 Shale and siltstone, medium gray, laminated to thin bedded. l.bg

9 Poorly exposed and deeply weathered, with strong cleavage; possible fault. z.Eg

8.87

15.00

22.50

n.7t

22.92

24.50

27.09

10 Sandstone (45%), shale (45%) and sandy skeletal packstone; sandstone very 5.00 82.09
fine grained to siltstone, medium light gray, very thin and thin bedded,
plane laminated, CWRL; shale very thin to thin bedded, medium gray;
skeletal packstone with abundant interstitial sand, to fossiliferous sandJtone;
beds have sharp erosional bases; packstone/laminated bed couplets eommon.

11 Poorly exposed, unit apparently consists of sandstone and shale; sandstone 3.39 9b.48
very fine grained to siltstone, medium light gray, thin to very thin bedded,
CWRL; beds variable in thickness laterallyi fossil concentrations at base
of several beds.
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Appendix I (cont.).

UNIT

12 Sandstone, very fine grained, medium light gray, disrupted by soft sediment
deformation: ball - and - pillow structures near base, massive homogeneous
in upper portion.

13 Not exposed

14 Shale (75%), sandstone (20%) and skeletal packstone (5%); sandstone very
fined grained to siltstone, medium gray to medium light gray, thin to very
thin bedded, sedimentary structures same as unit 10-11; skeletal packstone
sandy.

15 Not exposed

16 Shale (?0%), sandstone (20%) and skeletal packstone (10%); shale locally bio- i

turbated, loeally sandy; sandstone very fine grained to fine grained, very
thin to medium bedded, sharp planar to undulatory bases, plane laminated,
CWRL, HCS; skeletal paekstone with sharp erosional bases, very thin to
medium bedded, sandy.

l7 Shale (80%) and sandstone (20%); sandstone very fine grained to siltstone,
thin bedded, CWRL, but bedding generally not present due to, intense
bioturbations.

18 Sandstone, fine grained, medium gray, load casts,

19 Sandstone, shale, and minorskeletal paekstone; sandstoneveryfinegrained,
thin to medium bedded with sharp erosional bases, CWRL. HCS, plane
laminated, some beds variable in thickness, thin beds commonly lenticular;
skeletal packstone sandy, commonly filling shallow scours at base of lam-
inated sandstone beds.

20 Muddy very fine-grained sandstone, massive and homogeneous except for
isolated, rotated blocks of laminted sandstone; due to soft sediment defor-
mation (liquefaction).

2L Sandstone (50%), shale (45%), and skeletal packstone (5%); very fine to fine
grained, medium light gray, thin to thick bedded (up to 55 cm) with some
lenticular, very thin-bedded; plane laminated, CWRL, HCS, wave ripple
cross - laminated, sharp erosional .ba,ses, shale interclasts locally at base;
shale locally hishly burrowed; skeletal packstone sandy, commonly filling
shallow scours at base of sandstone beds.

22 Sandstone, fine to very fine grained, with abundant elay matrix; homoge-
neous and massive due to soft sediment deformation (liquefaetion); mulluscs
abundant and well preserved, apparently uniformly distributed throughout;
rotated at all angles and "floatingf'within the unit; sandstone blocks form
5 cm to meter long,0.5 meter thick.

2g Sandstone (55%), shale (35%), and skeletal packstone; sandstone fine grained
to siltstone, medium light gry, very thin to thick bedded, plane laminated,
CWRL, HCS, very thin beds lenticular, others variable in thickness; skeletal
paekstone generally sandy, commonly at base of laminated sandstone beds;
scoured bases with shale intraclasts common.

24 Laminated sandstone and skeletal packstone in the form of ball-and-pillow
structures and rotated beds in a matrix-rich sandstone (due to soft sediment
deformation).

25 Shale (?0%), sandstone (20%) and skele packstone (10%); shale sandy, in beds
up to 90 cm thick, burrowed loeally; sandstone very fine grained to siltstone,
thin bedded and some medium bedded, plane laminated, CWRL; packstone
commonly at base of laminated sandstone beds.

THICKNESS
(mntnrs)

r.7l

13.84

7.13

2.53

6.95

L4.23

0.67

15.36

8.06

11.95

0.91

9.11

CUMULATIVE
THICKNESS

37.19

51.03

58.16

60.69

67.64

81.87

82.54

97.90

r00.95

t07.32

115.38

L27.33

t28.24

137.35

6.37
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Appendix I (cont.).

UNIT

26 shale (70%), limestone (20%) and siltstone (10%); limestone is skeletal pack-
stone, plus thin skeletal accumulation several shell layers thick (0.b cm),
and a few calcisiltities, very thin bedded; other lithologies and sedimentary
structures same as unit 25.

27 silty, calcareous mudstone with abundant whole fossils, homogeneous due
to soft sediment deformation; with rare rotated beds of skeletal limestone
(15 cm); grades laterally to intcrbedded shale, limestone and siltstone similar
to unit 26.

28 shale(75%),limestone(20%), and siltstone(5%), shale moderatelybioturbated;
limestone is skeletal packstone, thin and very thin bedded, 0.5 cm thick
skeletal accumulations, and laminated ealcisiltite, silty; siltstone to very fine-
grained sandstone calcareous, very thin bedded.

29 Not exposed

30 Shale and limestone;,limestone mostly skeletal packstone in thin beds.

31 Notexposed, floatsuggestshale, thin siltstonebeds, thin skeletal packstones.

g2 Limestone (80%) and shale (20%); limestone is skeletal packstone, laminated
silty calcisiltite, and argillaceous, peloidal lime mudstone; eolors medium
dark gray; bedding thin and very thin; calcisiltites plane laminated, CIVRL;
packstone-calcisiltite/lime-mudstone couplet common; beds have scoured
bases and intraclasts.

33 Not exposed

34 Same as unit 32.

NoTE: Units 35 through 38 measured along old U.S. Highway 311 which winds
through pasture north of present highway.

35 Limestone (60%) and shale (40%); very thin to medium bedded, mostly thin
bedded; lithologies and sedimentary structures same as unit 82.

36 Limestone (70%) and shale (30%); same as unit Bb.

37 Shale (60%) and limestone (40%); shale is weakly fissile, calcareous; limestone
is mostly lime mudstone and plane laminated, CWRL calcisiltite; common
thin skeletal accumulations (0.5 cm thick); color medium dark gray.

38 Shale (90-95%) and limestone (5-10%); shale is medium gray, moderately
to poorly fissile, with abundant whole fossils, calcareous to extremely
calcareous (some originally logged as arqillaceous limestone but insoluable
residues indicate most is calcareous shale); limestone is skeletal packstone,
very thin bedded and some thin-bedded, thin skeletal accumulations (0.b
cm, abundant), peloidal lime mudstone, and laminated calcisiltite; packstone-
laminated calcisiltite or lime mudstone couplets present but not abundant
(less than 10%) of beds), some lime mudstones are nodular; slabbed samples
reveal that at least some nodular bedding has a stylolitic fabric.

NOTE: Units S9through 41 measured along new U.S. Highway 811.

39 Mostly not exposed; float suggests shale and very thin-bedded limestones
similar to unit 38;thin bedded siltstones toward base.

40 Shale,lightolivegray,ealcareous.

4L Sandstone and shale; sandstone very fine grained to siltstone; both sandstone
and shale highly burrowed; coneentrations of Li,ngttlo in sandy packstones.

Bays Formation

THICKNESS
(mcters)

9.48

45

CUMULATIVE
THICKNESS

146.83

4.63 230.67

0.91

5.91

4.48

1.13

40.54

26.24

21.34

6.74

18.59

88.27

67.51

3.05

3.96

L47.74

153.65

158.13

159.26

199.80

226.04

252.0r

258.75

277.34

365.61

433.r2

436.I7

440.13
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Appendix I (cont.).

Narrows Section: Measured along U.S. Highway 460 approximately 1.5 km west of Narrows, Virginia. Units
1-20 of Martinsburg Formation measured along westbound lane.

Juaniata Formation

Martinsburg Formation - total thickness 407.82 meters

THICKNESS CUMULATIVE
(m,eters) THICKNESS

6.83 6.83

3.26 10.09

1.46 11.55

4.66 16.21

2.56 18.77

6.28 25.05

4.90 29.95

2.0t 31.96

6.19 38.15

UNIT

1 Sandstone, fine grained, medium light gray, massively bedded due to bio-
turbation; black phosphatic modules.

2 Sandstone, fine grained, medium light gray, massively bedded due to bio-
turbation with few medium beds, sharp bases and burrowed upper contracts;
apparent small displacement (?) fault between unit 1 and 2; black phosphatic
nodules.

3 Sandstone, fine grained, calcareous, thin to medium bedded, laminated,
interbedded with burrowed fine-grained sandstone; skeletal concentrations
at base of a few beds; black phosphatic nodules.

4 Sandstone, fine to very fine grained, calcar@us, light gray, thin to medium
bedded, interbedded as laminated and bioturbated beds; abundant bry-
ozoans; upper half with black phosphatic modules; nodules and skeletal
accumulations at base of beds, and in burrow disrupted coneentrations.

5 Sandstone and shale; sandstone fine grained, medium light gray, slightly
calcareous, thin to medium bedded, variable in thickness to lenticular, CWRL
and "hummocky" upper bed surfaces, sharp erosional bases; scattered
bryozoan and brachiopod-rich sandstone; shale silty, moderately bioturbated.

6 Shale and sandstone; sandstone (40%) fine grained, light gray, calcareous,
thin to medium beded, plane laminated and CERL, wave ripple cross-
lamination, "hummoclq/'upper bed surfaces, beds have sharp and erosional
bases, variable in thickness laterally, common bryozoan plus crinoid and
brachiopod skeletal aceumulations at bases; shale (60%) in thin to medium
interbeds, light gray, sandy, calcareous, with some very thin lenticular
sandstone.

7 Shale (59%), sandstone (40%) and skeletal packstone (10%); sandstone fine
to very fined grained, light gray, plane laminated, wave ripple cross-
laminated, HCS, CWRL, hummocky and ripple-marked tops, lenticular,
often with sharp irregular bases and a few fossil fragments at bases;
packstone thin to thick bedded, with erosional bases and many gpading
abruptly to laminated sandstone; shale in medium to thick beds, medium
light gray, silty and sandy, clacareous.

8 Sandstone (50%) and shale (50%) sandstone fine to very fine grained, light
gray, thin to medium-bedded, CWRL, hummocky tops, sharp erosional bases,
some with thin fossil concentrations: shale thin to medium interbeds,
calcareous.

9 Shale (75%), sandstone (25%); sandstone fine grained to siltstone, medium
light gray, ealcareous, thin and very thin bedded, plane laminated, CWRL,
variable in thickness and lenticular; a few highly fossiliferous zones at bases
of beds, erosional lower surfaees; shale medium gtay, calcareous, with some
very thin-bedded lenticular siltstone beds, partly bioturbate.

10 Siltstonetovery-finegrainedsandstone(60%), shale(30%) and skeletal pack-
stone (10%); sandstone medium light gray, thin to medium bedded, plane
laminated and CWL, hummocky tops, variable in thickness, scoured bases;
skeletal packstone to highly fossiliferous sandstone, thin to medium bedded,
generally grading abruptly upward to siltstone/sandstone.

3.02 4r.L7
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Appendix I (cont.).

UNIT

11 Shale (65%), skeletal packstone (20%) and siltstone to very fine-grained sand-
stone (15%); packstone with erosional bases, extremely variable in thickness
(including lenses), up to 0.3 m thick; siltstone with sedimentary structures
as in unit 10, thin-bedded.

12 siltstone to very fine-grained sandstone (b0%), shale (40%) and skeletal pack-
stone (10%); siltstone in thin to medium beds sedimentary structures as in
unit 10, calcareous.

13 Sandstone, very fine grained, plane laminated, thins laterally to g cm.

14 shale (60%), siltstone to very fine-grained sandstone (80%), and skeletal pack-
stone (10%); siltstone thin bedded, sedimentary structures as in unit 10;
common couplets of packstone and laminated siltstone.

15 shale (70%) and sandstone (25%); sandstone very fine grained to siltstone,
caleareous, medium light gray, medium to thin bedded, variable in thickness,
plane laminated, CWRL, wave ripple eross-laminated, ripple marks and
hummocky tops; skeletal concentrations at bases of beds and in shallow and
scoured poekets, (up to 9 cm relief); minor calcarenite (b%); thin medium
interbeds of silty shale.

16 Shale(55%), siltstone(35%)and skeletalpackstone(10%); siltstonecalcareous,
thin bedded, plane laminated and cwRL; packstones include some which
are dominantly bryozoans and many which are lentieular.

17 Skeletal paekstone, medium light gray.

18 shale (60%), siltstone to very fine-grained sandstone (2wo),calcarenite (10%)
and skeletal packstone (0%); shale medium gray to light olive gray, variab\r
caleareous, thin to thick beds, locally highly burrowed, siltstone very thin
to medium bedded, sedimentary struchres same as units lb-16; packstone
mostly thin bedded; couplets of packstone grading to laminated lithologies
common.

19 Shale (?0%), siltstone (15%), and limestone (lb%); shale, light olive gray, in
thin to thick beds; siltstone variably calcareous to silty ealcarenite and
calcisiltite; medium light gray, thin and very thin bedded, sedimentary
structures same as unit 18; skeletal packstones b%; two 0.8 meter thick
horizons of chaotie soft sediment deformation similar to unit 21.

NorE: Units 20-27 exposed on eastbound lane of U.S. Highway 460 (lower road).

20 shale (60%), siltstone (30%), and skeletal packstone (10%); and shale fissile
to moderately bioturbated, non-calcareous; siltstone variably calcareous to
caleisiltite; sharp erosional bases, especially of packstone, packstone/lam-
inated siltstone couplets; other sedimentary structures same as unit 19.

2l Structureless mudstone containing rotated and contorted thin beds of silt-
stone and skeletal packstone; due to soft sediment deformation; some isolated
fragments of beds and other beds continuous but highly contorted.

22 Same as unit 20, exeept shale dominantly burrowed.
23 soft sediment deformation; chaotic bed-and ball-and-pillow; lower 1 meter

contains chaotically arranged fragments of siltstone in structureless mud-
stone, gradational to underlying unit; upper 0.b meter ball-and-pillow
structure composed mostly of one thick siltstone bed.

24 shale (65%), siltstone (30%), and skeletal paekstone (b%); shale generally
fissile and nonburrowed; siltstone, thin and very thin bedded, variably
calcar@us, plane laminated, cwRL, wave ripple crosslaminated, two thicl
siltstone beds as ball-and-pillow structures; skeletal packstone thin to
medium bedded, mostly in lower half of unit.

47

THICKNESS
(mcters)

6.83

CUMULATIVE
THICKNESS

48.00

2.92

0.30

3.38

8.29

3.23

0.24

29.29

5.27

1.52

2.90

1.62

50.32

50.62

54.00

62.29

65.52

65.76

95.05

102.30

L07.57

108.82

rll.72
LLl.24

7.25

7.16 120.40
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UNIT

25 Soft sediment deformation; consists dominantly of 0.6 to 1 meter long, 0.3
to 0.45 meter thick rounded blocks of very fine-grained sandstone, discon-
tinuous but apparently the same bed, "loaded" into underlying unit; lam-
ination within blocks is contorted; discontinuous skeletal packstone at base
of sandstone; upper part is chaotie, broken and rotated calcisiltite beds.

26 Shale (60-80%), skeletal paekstone (10-30%), and calcisiltite (15%); shale var-
iably calcareous, common 2-4 mm. Diameter horizontal and randomly
oriented burrows; some unreworked concentrations of bryozoans; skeletal
packstone, commonly with intraelastics (siltstone), very thin and thin beds,
sharp erosional bases, many as couplets of paekstone-caleisiltite; some
packstone dominated with bryozoan concentrations in shale; calcisiltite thin
bedded, terrigeneous silt abundant, some ealcarenite, horizontal plane
lamination, CWRL, and some wave ripple cross-lamination, bedding com-
monly lenticular.

NOTE: Units 27-43 measured along westbound lane of U.S. Highway 460.

27 Mostly not exposed; apparently mostly shale with thin and very thin beds
of calcisiltite and silty calcisiltite weakly laminated to massive; several
intervals dominated by bryozoans; thickness by compass and tape; shale
locally poorly fissile due to bioturbation.

28 Poor exposure; lithologies and. structures generally similar to units 29 and
30; shale apparently about 35% at base, increasing to greater than 50% at
top; limestones are skeletal packstone, calcisiltites, weakly laminated to
massive, and some calcarenite; colors medium dark gray to medium light
gray, thin and very thin bedded, some nodular bedded.

29 Limestone (65%) and shale (35%); shale fissile (non-burrowed), calcareous;
limestone in subequal amount of skeletal packstone and laminahd calcar-
enite to calcisiltite, dominantly thin bedded.

30 Limestone (80%) and shale (20%); limestone is skeletal packstone (30%), skel-
etafintraclast packstone (15%) in beds up to 0.3 meters thick, and calcarenite
(35%) plus minor calcisiltite; colors medium to medium light gray; bedding
thin to medium, thinner at top; plane laminated, CWRL, with hummocky
upper bed surfaces; intraclasts irregular to tabular in shape, up to 20 cm;
shale extremely calcareous in thin and very thin beds.

31 Limestone (80%) and shale (20%); limestone is skeletal packstone (25%), cal-
carenite (30%) and calcisiltite (25%), commonly in packstone/laminated bed
couplets; medium to medium light gray, very thin to medium beds, plane
laminated CWRL, hummocky tops and ripple marks; some calcisiltites
indistinctly laminated to massive, some nodular; several intraclast/skeletal
packstones; shale in thin and very thin beds.

gZ Limestone (70%) and shale (30%); limestone is skeletal packstone, calcarenite
and calcisiltiti, commonly in couplets; sedimentary struetures same as unit
31; some thin calcisiltites nodular, some ealearenites massive; bedding thin
and very thin.

33 Notexposed.

34 Limestone (80%) and shale (20%); limestone is skeletal packstone (40%), and
calcarenite (40%), commonly in couplets; thin to medium bedded; CWRL
lamination and hummocky upper bedding planes common.

35 Limestone (60%) and shale (40%j; [mestone is skeletal packstone (20%) and
subequal amounts of calcisiltite and calcarenite (total 40%); medium light
gray, very thin and thin bedded, plane laminated and CWRL but some
calcisiltite is massive. some nodular bedded.

THICKNESS
(mcters)

0.61

CUMULATIVE
THICKNESS

121.01

28.65

29.60

34.05

7.77

t4.78

7.56

35.36

13.38

22.71

15.67

149.66

t79.26

213.31

22t.08

235.86

243.42

278.78

292.16

314.87

330.54
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UNIT

36 Limestone (50%) and shale (50%) limestone is skeletal paekstone, calcarenite
and calcisiltite, commonly in couplets; medium to medium light gray thin
bedded to thin and very thin bedded toward top of unit, some laminated
beds contain appreciable amounts of terrigenous silt and sand; some very
thin calcisiltites nodular; shale in beds up to 1.0 m thick.

37 Limestone and shale; limestone dominant, mostly as whole fossil skeletal
packstone in medium to thick beds; unit includes small covered intcrval
at culvert.

38 Limestone (80%) and shale (20%); limestone is skeletal packstone and calcar-
enite, commonly in couplets; thin and medim bedded but several ealearenites
up to 0.3 m thick; horizontal plant laminated, cwRL, calcarenites include
abundant laminae of terrigenous silt and sand; several percent laminated
siltstone to veryfine-grained sandstone; shale has good fissility and horizontal
branching burrows but few body fossils; packstones include intraclasts of
calcarenite.

39 Limestone (85%) and shale (15%); limestone is skeletal packstone (40%) and
calcarenite (45%), commonly in couplets; medium to thick bedded, plane
laminated, HCS and cwRL; approximately 20% terrigenous sand and silt
in calcarenites; one thin zone (0.8 m) of soft sediment deformation (ball-
and-pillow and apparent slump foldins); unit starts at 0.8 m thick shale
bed and ends at small tight anticline.

40 Limestone (85%) and shale (15%), limestone dominanily carcarenite (?0%)
and lesser skeletal packstone (1b%); thin to pedium bedded and some thick
bedded, sedimentary structures same as unit 89; terrigenous sand and silt
abundant in calcarenite, plus a few siltstone to very fine-grained sandstone
beds.

4l Clay (bentonite)

42 Limestone (65%), shale (32%), and siltstone to very fine grained sandstone
(3%). Limestone as in unit 40, subequal amounts of skeletal paekstone and
calcarenite, medium-bedded; siltstone thin bedded, light olive gray.

43 Poorly exposed; dominantly limestone as above with shale and minor silt-
stone to very fine-grained sandstone.

Eggleton Formation
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THICKNESS
(npters)

20.67

CUMULATIVE
THICKNESS

351.21

15.30

18.84

11.58

4.69

0.27

2.41

3.41

366.51

385.35

396.93

401.62

401.83

404.24

407.65

lValker Mountain Seetion: Measured along Virginia Highway 16, beginning about 100 meters from the crest
of lValker Mountain and continuing down the northeasifacing stope, Smvttr County, Virginia. The measured
seetion is compiled from numerous segments, in part overlappittg, e*posed along "switcli-backs" of Highway
16.

Juniata Formation

Martinsburg Formation - total thickness 418.22 meters.
THICKNESS CUMUI.ATIVE

(mptqs) THICKNESS

3.51 3.51

UNIT

1 Sandstone, fine to very fine grained, calcareous, medium gray, medium
to thick bedded; plane laminated beds with skeletal concentrations at base,
grading upward to highly bumowed tops; dhosphatic nodules.

2 sandstone fine to very fine grained, medium gray, thick to very thick bedded
due to intense bioturbation; vague bedding planes defined by concentrations
of MlwrWwhula, Li,ngwla, and phosphatic nodules.

6.86 10.37
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UNIT

3 Sandstone, fine to very fine grained, medium to thick bedded due to intense
bioturbation; occasional thin to medium bedded plane laminated beds with
erosional bases, fossil concentrations at bases, and burrowed tops; phosphatic
nodules.

4 Sandstone and shale; sandstone fine to very fine grained, medium gray to
light olive gray, thin to medium bedded, plane laminated, HCS, CWRL,
variable in thickness to lenticular, sharp erosional bases with fossils eon-
centrated at base of many beds, gradational or burrowed tops; shale sandy,
medium gray to light olive gray, highly burowed in places.

5 Sandstone, very fine grained, medium gray, thick bedded due to intense
bioturbation.

6 Sandstone, shale, and minorskeletal packstone; sandstoneveryfinegrained,
thin to thick bedded, plane laminated, HCS, CWRL, bedding thickness
variable laterally to lentieular; fosils concentrated at base of beds and locally
in lenses within sandstone beds; skeletal packstone at base of some sandstone
beds and as paekstones enclosed in shale; some filling-shallow scours.

? Shale (60%), sandstone (30%), and skeletal packstone (10%); shale locally
sandy, loeally highly burrowed, strong cleavage locally, biovalves common;
sandstone very fine grained to siltstone, very thin to thin bedded, rarely
medium bedded, plane laminated and CWRL; skeletal packstone very thin
to thin bedded.

8 Sandstone (50%) and shale (50%); sandstone very fine grained, medium gray,
thin and some medium bedded, with fossils concentrated at base of some
beds; sedirnentary structures as in unit 7.

9 Shale (?0%), sandstone (20%) skeletal paekstone (10%); shale medium light
gray, in beds up to 0.6? meters thick; sandstone, very fine grained to siltstone,
thin and very thin bedded, calcareous; skeletal packstone commonly in
packstone/sandstone eouplets; other sedimentary structures same as unit
l.

10 Shale (55%), sandstone (35%) and skeletal packstone (10%); shale medium
gray to medium light gray in beds up to 0.5 meters thick; sandstone very
fine grained to siltstone, thin bedded, rarely medium bedded and very thin
bedded; skeletal packstone includes bryozoan paekstone, shale intraclasts;
paekstone/laminated bed couplets and sedimentary struetures same as unit
'1.

11 Shale (50%), sandstone (35%), and skeletal packstone (15%) lithologies and
sedimentary struetures same as unit 10.

12 Shale (55%), sandstone (25%), and limestone (20%); lithologies and sedimen-
tary structures same as unit 11, but limestone includes a few percent sandy,
laminated calcarenite.

13 Shale (80%) and limestone (20%); shale medium gray to light olive gray in
beds 0.15 to 1 meter thick, includes several percent very thin beds of siltstone
toward the top of unit; limestone is skeletal packstone and laminated
calearenite to ealcisiltite, both with abundantterrigenous silt, medium light
gray, very thin- to medium-bedded, commonly in packstone/laminated bed
couplets, plane laminated and CWRL, rare tabular ripple cross-laminated
in sets 10-20 cm long.

14 Notexposed.

15 Limestone (?0%) and shale (30%); limestone is skeletal packstone (30%), cal-
carenitee (20%) and calcisiltite (20%), thin and very thin-bedded; packstone/
laminated bed couplets common; plane laminated and C\{rRL.

THICKNESS
(meters)

5.21

CUMULATIVE
THICKNESS

15.58

4.75

1.10

30.18

7.47

8.23

24.54

26.94

32.77

32.16

57.00

31.09

20.33

2t.43

51.61

59.08

67.31

91.85

t35.72

168.48

200.64

257.64

288.73

t6.92 108.77
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UNIT

16 Not exposed.

17 shale (55%) and limestone (45%); shale ranging from 60% at base of unit
to 50% attop; limestone is skeletal packstone (15%) and calcisiltite and minor
calcarenite (total 30%), with abundant terrigenous silt (few beds of siltstone);
very thin to medium-beded, paekstone/laminated bed couplets common;
plane laminated band CWRL, but many calcisiltites appear structureless.

18 Not exposed.

19 Partially covered; shale (50%) and limestone (b0%); lithologies and sedimen-
tary structures same as unit l?.

20 Partially covered, folded; shale, siltstone and limestone; siltstone very thin
bedded. calcareous to silty ealcisiltite; thin fossil concentrations at base of
beds; skeletal packstone (10%) in thin and very thin beds and thin eoncen-
trations in shale, several shell layers in thickness.

2l Mostly not exposed; thickness by compass and tape; shale and siltstone; silt-
stone calcareous, very thin bedded, medium gray to olive gray; shell in thin
eoncentrations, several shell layers thick.

Bays Formation

5l

Hagan Seetion: Measured along the Louisville and Nashville Bailroad siding at the Village of ,Hagan, Virginia,
1.5 km north of U.S. Highway b8.

Sequatchie Formation

"Reedsville" Formation - Total thieknes 124.06 meters.

UNIT

L Limestone (80%) and shale (20%); shale extremely caleareous, burrowed,
poorly fissle; limestone is skeletal packstone and minor peloidal-skeletal
calcarenite to calcisiltite; timestones are irregularly bedded with gradational
lower and upper bedding contacts, apparently burrowed.

2 Limestone (60%) and shale (40%); limestone is skeletal packstone and argilla-
ceous to sandy laminated calcarenite and calcisiltite; packstonelaminated
bed couplets common; packstones have sharp erosioaal bases, thin bedded;
laminated beds plane laminated, CWRL

3 Skeletal packstone with argillaceous partings, thick bedded.

4 shale an minor limestone; shale very ealcareous, burrowed; limestone is
skeletal packstone and calcisiltite, very thin-bedded.

5 Limestone (95%) and shale (b%); limestone is skeletal packstone and coarse
ealcarenite, thin bedded near base grading to thick-bedded at top; shale
in thin interbeds in lower 2/B unit.

6 Limestone (65%) and shale (Bb%); shale mediuil srav, generally fissile, but
burrowed locally; limestone is skeletal packstone and laminated calcarenite
to calcisiltite commonly as packstone/laminated bed eouplets; bedding thin
with some very thin and medium; laminated limestones contain abundant
terrigenous silt and sand and some are extremely calcareous siltstones and
very fine.grained sandstone; CWRL, plane laminated.

7 same lithologies and structures as unit 6; shale B0%, limestone ?0%; thin
and medium bedded; spans minor fault.

8 same lithologies and struchrres as unit ?; shale 40-b0%, limestone bG60%;
dominantly thin bedded; load casts at base of several beds; one bed as ball-
and-pillow structure.

THICKNESS CUMULATryE
(meters) THICKNESS

L5.24 30,3.92

62.50 866.44

10.00 376.47

13.41 889.88

16.15 4t8.22

THICKNESS CUMULATTVE
(mntsrs) THICKNESS

21.64 2t.64

6.10 27.74

3.05 30.79

2.rg 92.92

36.27

7.77 44.04

18.14

51.82

62.18

114.00
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Appendix I (cont.).

UNIT

9 Shale (?0%), and skeletal packstone (10%), and calcareous siltstone to silty
caleisiltite (20%); shale calcareous, medium gray to olive gray, minor
bioturbation.

"Trenton" Formation - Total thickness 181.66 meters.

1 Skeletal packstone and minor coarse skeletal calearenite (grainstone), me-
dium light gray, medium to thick bedded.

2 Limestone (85%) and shale (15%); limestone is skeletal packstone (25%) and
laminated calcarenite to calcisiltite (60%), commonly in couplets, thin and
very thin bedded, plane laminated and CWRL; bed thickness variable
laterally to lenticular; shale 10% in lower 2/3 of unit, increasing ta 25%
in upper V3; lenses and nodules of chert locally.

3 Not exposed.

4 Limestone (90%) and shale (10%); limestone is skeletal packstone (50%) and
laminated calcisiltite, medium light gray, thin and medium-bedded, with
zones very thin-bedded; paekstones commonly with scattered intraclasts,
variable in thickness laterally, calcisiltites plane laminated, CWRL.

5 Skeletal paekstone (90%) and shale (10%); packstones commonly with seat-
tered intraclasts medium light gray, thin to medium bedded.

6 Poorly exposed; float and scattered exposures suggest same as units 5,7,
and 8.

? Skeletal packstone (60%) and shale (40%); paekstone medium light grav,
mostly thin-bedded, variable in thickness laterally; shale in very thin and
thin beds; bentonite reported by Miller and Brosge (1954) at top of this
interval, no longer exposed.

8 Skeletal packstone with shale partings (5%) also minor coarse skeletal cal-
carenite; medium light gray, thin to medium bedded, bed thickness variable
laterally.

Eggleston Formation

APPENDIX II: PETROGRAPHY
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Appendix II eon't.

Matrix
Cement:

CaCO
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Phosphate
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FeO/FeCa (CO)

Framboidal pyrite
Unknown:

(16 samples)
Major Constituents:

Quartz
Feldspar
Rock fragments

Matrix
Q/FiR
Quartz
Feldspar
Rock Fragments
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APPENDIX III: COMMON MARTINSBURG TAXA

BRACHIOPODA: ARTICULATA
Rafinesquina alternata
R. fracta
Onniella sp. 1(formerly identified as Dalmanella fertilis)
Onniella sp.2 (formerly identified as Dalmanella multisecta)
Onniella sp. 3 (formerly identified as Dalmanella bassleri)
Sowerbyella curdsvillensis
S. rugosa
Zygospira lebanonensis
A. modesta
Hebertella sinuata
H. frankfortensis
Platystrophia sp.
Rhynchotrema sp.
Dinorthis sp.
Orthorhynchula linneyi

BRACHIOPODA: INARTICULATA
Lingula sp.
Craniops sp.

MOLLUSCA: BIVALVIA
Ambonyehia'praecursa'
Modiolopsis modiolaris
Ischyrondonta sp.
Ctenodonta sp.
Trancrediopsis sp.
Praenucula sp.
Cyrtodonta sp.
Fberinea sp.
Cuneamya sp.

MOLLUSCA: GASTROPODA
Plectonotus sp.
Bucania sp.
Ioxoplocus sp.

ANTHROPODA: TRILOBITA
Isotelus spp.
Cryptolithus sp.
Ceraurus sp.
Flexicalymene sp.
Eomonoraehus sp.

BRYOZOA
Prasopora spp.
Montieulipora sp.
Dekayia sp.
Hallopora sp.

ENCHINODERMANA: CRINOIDEA
Crinoid columnals
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MAFIC ROCKS IN THE ALLIGATOR BACK FORMATION, THE UPPER UNIT OF THE
LYNCHBURG GROUP,IN THE SOUTHWESTERN VIRGINIA PIEDMONT:

AN OPHIOLITE SEQUENCE?

James F. Conley
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ABSTRACT

The Lynchburg Group in the southwestern Vir-
ginia Piedmont is composed of a lower Ashe
Formation and an upper Alligator Back Forma-
tion. The Alligator Back, the upper formation of
the group, locally contains a basal sequence eom-
posed of metamorphosed ultramafic rocks, over-
lain by metagabbros, which are in turn overlain
by metabasalts. These ultramafic and mafic plu-
tonie and volcanic rocks are overlain by meta-
sedimentary rocks that are predominantly me-
tagraywackes. These metagraywaekes may
locally contain interlayers of impure marbles;
mica sehists; graphite-quartz-mica schists,
graphite-mica schists, and calcareous quartzites.
This sequence of ultramafic-mafic roeks, overlain
by metasedimentary rocks, is repeated at least
once and possibly twice in the stratigraphic sec-
tion and is interpreted to be ophiolites, on which
were deposited deep marine sediments, all of
which have been obducted onto continental crust.
It is believed that this ophiolite sequence was
obducted during a rieriod of previously unrecog-
nized plate closing in late-Preeambrian time.
This period of plate closing occurred prior to the
great outpouring of the Catoctin continental ba-
salts in central and northeastern Virginia at the
beginning of continental fracturing, which pre-
ceded formation of the Iapetus Ocean in latest
Precambrian time.

INTRODUCTION

In the southwestern Virginia Piedmont the
Lynchburg Group (Figure L) has been mapped
at 1:24,000 seale by various workers (Conley and
Henika, 1970; Henika, 1971; Conley and Henika,
1973, McCollum, in Breparation; and Conley, Pie-
pul, Robinson and Lemon, in preparation). The
Lynchburg Group, a highly variable lithologic
unit, was named the Lynchburg Formation by
Jonas (1927) for exposures near the City of Lynch'
burg, which lies about 50 miles (80 km) on strike
to the northeast of the area discussed in this
paper. Furcron (1969) renamed the unit the
Lynehburg Group. Rankin (1970) and Rankin and
others (1973) recognized this sequence of rocks
and subdivided it into a lower unit which they
named the Ashe Formation and an upper unit
which they named the Alligator Back Formation.
In the southwestern Piedmont Conley (1985)
recognized a lower Ashe Formation and an upper
Alligator Baek Formation and, using the termi-
nology of Furcron proposed that these two for-

Figure 1. Index map of area. (1) Boones Mill
quadrangle; (2) Redwood quadrangle; (3) Moneta
S. W. quadrangle; (4) Ferrum quadrangle; (5)
Rocky Mount quadrangle; (6) Gladehill quadran-
gle; (?) Penhook quadrangle; (8) Philpott Reser-
voir quadrangle; (9) Bassett quadranele; (10)
Snow Creek quadrangle.

mations cornposed the Lynchburg Group. The
Lynchburg Group erops out on the southeastern
limb of the Blue Ridge anticlinorium from Cul-
peper County in north-central Virginia to the
North Carolina boundary. Metabasalts, metagab-
bros, and ultramafic rocks occur in the Lynch-
burg Group and especially in the upper unit, the
Alligator Back Formation. These and other mafic
and ultramafic rocks of the Southern Appalach-
ians have been reviewed in detail by Misra and
Keller (1978).

In the southwestern Virginia Piedmont (Figure
2) the Lynchburg Group is in the footwall of the
Bowens Creek fault, a southeastward dipping
thrust that separates rocks of the Blue Ridge
anticlinorium to the northwest from rocks of the
Smith River allochthon to the southeast (Conley,
1985). In the region under discussion meta-
morphic grade rang:es from greenschist to lower
amphibolite.

STRATIGRAPHY

The basal partof the Alligator Back Formation
is composed of a persistent band of amphibolite
and mafic and ultramafic roeks (Figure 3). Up
section from these basal rgcks, the formation also
contains abundant amounts of ultramafic rocks,
metagabbros and metabasalts with associated
massive, fine-grained quartzites and ferruginous
quartzites. Although not commonly mapped as
faults, the basal contaets of these plutonic-vol-

rnuxrrn-{!fu-
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muscovite-sericite schists, and impure marbles.
Stratigraphic horizon markers are not traeeable
over great distances and lithologic units are len-
ticular.

Ultramafic Rocks

The ultramafic rocks consist of metamorphosed
dunites and metapyroxenites. Three of the largest
ultramafic bodies in the area are the Grassy Hill
sequenee in the northwestern part of the area
(Roeky Mount quadrangle), Jaeks Mountain se-
querrce in the northeastern part of the area (Pen-
hook quadrangle) and Brier Mountain sequence
in the core of the Cooper Creek anticline (Rocky
Mount quadrangle) in the south-central part of
the area (Figures l and 4). The ultramafic bodies
that make up Grassy Hill and Jacks Mountain
both have a northeastward trend, parallel to
regional structure, whereas Brier Mountain has
an east-west trend across the axis of the Cooper
Creek anticline. All three of these bodies contain
both ultramafic rock and metagabbro. The Brier
Mountain and Jacks Mountain bodies contain
metabasalts, especially around their perimeters,
thus indicating a close assoeiation among the
ultramafic rocks, the metagabbros and the me-
tabasalts. The ultramafic rocks eontain a few
relict olivine (forsterite) and large hypersthene
and augite grains, but these rocks are now almost
totally altered to serpentine, chlorite, talc, and
tremolite.

The margins of the ultramafic bodies are
sheared and altered to chlorite that is 1-2 m (3-
6 feet) thick; the ehlorite in plaees is further
altered to vermiculite. The ultramafic bodies are
locally eut by veins of anthophyllite that are a
few centimeters thick. Opaque minerals (mag-
netite and possible chromite) occur in aceessory
amounts in all the ultramafie rocks.

Metagabbro

Metagabbro occurs as interlayers in the ultra-
mafic rocks and also as discontinuous to relatively
continuous eoncordant bands at the base of the
sequences of metabasalts in the area. They are
not as altered as the ultramafic rocks. A few
metagabbro bodies, like those west and southwest
of Rocky Mount, are isolated masses that are
surrouflded by metasedimentary rocks. Some of
these bodies are cored by ultramafie rocks, which
suggests that they might be overturned sequen-
ces. The metagabbros locally exhibit composi-
tional layering. Perimeters of metagabbro, espe-

NT_t

Figure 2. Regional geologie map.

Figure 3. Contact between Ashe Formation and
Alligator Back Formation on the southeastern
limb of the Cooper Creek anticline exposed on
the north side of State Road 718 (northwestern
corner of the Snow Creek quadrangle). Gneiss of
the Ashe Formation at bottom of picture is over-
lain by amphibolite at the base of the Alligator
Back. Rocks are folded by northwest trending
open folds.

canic sequenees are generally sheared. The re-
mainder of the Alligator Back, which makes up
about 60 percent of the unit, is a metamorphosed
clastic sequence. These clastic rocks are meta-
graywackes and metagraywacke conglomerates
i'nterlayered with graphitic schists, graphitic
qaartz schists, graphitic quartzites, quartzites,
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Figure 2. Regional geologic map.

Figure 3. Contact between Ashe Formation and
Alligator Back Formation on the southeastern
limb of the Cooper Creek anticline exposed on
the north side of State Road 718 (northwestern
corner of the Snow Creek quadrangle). Gneiss of
the Ashe Formation at bottom of picture is over-
lain by amphibolite at the base of the Alligator
Back. Rocks are folded by northwest trending
open folds.

canic sequences are generally sheared. The re-
mainder of the Alligator Back, which makes up
about 60 percent of the unit, is a metamorphosed
clastic sequenee. These clastic rocks are meta-
graywackes and metagraywacke conglomerates
interlayered with graphitic schists, graphitic
quartz schists, graphitic quartzites, quartzites,

muscovite-sericite schists, and impure marbles.
Stratigraphic horizon markers are not traceable
over great distances and lithologic units are len-
ticular.

Ultramafic Rocks

The ultramafic rocks consist of metamorphosed
dunites and metapyroxenites. Three of the largest
ultramafic bodies in the area are the Grassy Hill
sequenee in the northwestern part of the area
(Rocky Mount quadrangle), Jacks Mountain se-
euerrc€ in the northeastern part of the area (Pen-
hook quadrangle) and Brier Mountain sequence
in the core of the Cooper Creek anticline (Rocky
Mount quadrangle) in the south-central part of
the area (Figures I and 4). The ultramafic bodies
that make up Grassy Hill and Jacks Mountain
both have a northeastward trend, parallel to
regional structure, whereas Brier Mountain has
an east-west trend across the axis of the Cooper
Creek anticline. All three of these bodies contain
both ultramafic rock and metagabbro. The Brier
Mountain and Jacks Mountain bodies contain
metabasalts, especially around their perimeters,
thus indicating a close association among the
ultramafic rocks, the metagabbros and the me-
tabasalts. The ultramafic rocks contain a few
relict olivine (forsterite) and large hypersthene
and augite grains, but these rocks are now almost
totally altered to serpentine, chlorite, talc, and
tremolite.

The margins of the ultramafic bodies are
sheared and altered to chlorite that is 1-2 m (3-
6 feet) thick; the chlorite in places is further
altered to vermiculite. The ultramafic bodies are
locally cut by veins of anthophyllite that are a
few centimeters thick. Opaque minerals (mag-
netite and possible chromite) occur in accessory
amounts in all the ultramafic rocks.

Metagabbro

Metagabbro occurs as interlayers in the ultra-
mafic rocks and also as discontinuous to relatively
continuous concordant bands at the base of the
sequences of metabasalts in the area. They are
not as altered as the ultramafic rocks. A few
metagabbro bodies, like those west and southwest
of Rocky Mount, are isolated masses that are
surrounded by metasedimentary rocks. Some of
these bodies are cored by ultramafic rocks, which
suggests that they might be overturned sequen-
ces. The metagabbros locally exhibit composi-
tional layering. Perimeters of metagabbro, espe-

EXPLANATION
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Figure 4. Geologic map of parts of the Blue Ridge anticlinorium and Smith River allochthon,
southwestern Piedmont of Virginia.

cially at the base of metagabbro-metabasalt
sequences, generally have a cataclastic texture
and.are loeally sheared and altered to aetinolite
schists and chlorite schists. The ultramafic rocks
and the metagabbros have not produced contact
metamorphism in country roeks (Figure 5). Al-
though Conley and Henika (1970) report a dense,
gray hornfels-like rock at the top of the large
metagabbro body north of Fairy Stone State
Park. f,lxarnination of thin sections of this rock
indicate that it is a highly indurated graphitic
quartzite. No growth of contaet metamorphie
minerals or development of hornfels texture could
be deteeted ev€n as relict grains or altered
masses. Thin, massive, fine-grained quartzite
and ferruginous quartzites are in eontact with
thg metagabbros in the area west of Rocky Mount,
and along the northwest shore of Fairy Stone
take in Fairy Stone State Park. Magnetite dep-
osits are associated with the quartzites and fer-

ruginous quartzites in contaet with the metagab-
bros and were mined for iron ore on Stuarts Knob,
a hill underlain by metagabbro located in the
northern part of Fairy Stone State Park. Similar
occurrences of magnetite were also mined in
areas west and southwest of Rocky Mount.

The metagabbros are coarse g:rained and have
a relict ophitic texture. At greenschist faeies they
are composed of aetinolite (that in part is uralitie
amphibole), albite, epidote, chlorite, and minor
amounts of zircon, qtattz, sphene, ilmenite and
magnetite. Relict augite and ealcic plagioclase,
partially altered to epidote, were identified in
thin section. At lower amphibolite faeies oligo-
clase and hornblende are present in the rock.

Metabasalt

The metabasalt is a dark-greenish-black, fine-
grained, schistose rock eomposed of actinolite
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Figure 5. Contact (at pen) between altered ul-
tramafic rock and metasedimentary quartz mica
schist, both belonging to the Alligator Back For-
mation on the southeastern flank of Grassy Hill,
just north of the intersection of State Road 919
and U. S. Highway 220(Boanes Mill quadrangle).
There is no contact metamorphism of the under-
lying mica schist by the ultramafic rock.

nematoblasts and variable amounts of epidote,
chlorite, albite and quartz. Where metagabbros
are present, the metabasalts directly overlie the
metagabbros; where metagabbros are absent, the
metabasalts are separated by a shear zone of
varying thickness from the underlying units. The
tops of the metabasalts are generally interlayered
with overlying metasedimentary rocks (Figures
6 and 7). The metabasalts locally contain minute
amygdules (1-2 mm), now filled with epidote, and
show a primary texture, that may possibly rep-
resent transposed flow lines or flattened and
attenuated pillow structures (Figure 8) (Conley
and Henika,1970).

Metagraywacke

The metagraywackes in the Lynchburg are
gray rocks that range in grain size from sand-
stone to conglomerate. The predominant rock
generally shows graded bedding and is composed
of granule to sand-size clasts of quartz and felds-
par in a finer grained quartz-feldspar-mica ma-
trix. This roek generally contains thin mica schist
interlayers and may grade, by a gradual decrease
in quartz and increase in miea, into sehists (Fig-
ures 9 and 10). The metagraywackes occur as
thick sequenees, and as thin interlayers and
lenses in finer grained mica schists and graphitic

Figure 6. Alligator Back Formation exposed on
east bank of U. S. Highway 220 Business Route,
at the southern city limits of Rocky Mount (Rocky
Mount quadrangle). Metagabbro exposed in
lower left hand corner of photograph is overlain
by metabasalt (contact just above pen) that con-
tains interlayers of metasedimentary rock (light
colored rock).

schists. A metaconglomerate that shows graded
bedding and contains roek fragments up to a foot
in length is exposed in Town Creek on the south-
east limb of the Cooper Creek anticline (Henika,
1971). In addition, this metaconglomerate con-
tains angular fragments (rip-up clasts) of meta-
claystones and graphitic metaclaystones (Figure
10). At this locality, bedding is not only graded
but also repetitive. The basal part of one of these
beds is a coarse, structureless, polymictic con-
glomerate. Above the base the bed grades upward
into finer material. Some graded beds are over-
lain by a layer of finely laminated sandstone that
in turn may be overlain by a thin cross-bedded
sequence. The rocks exposed in Town Creek are
very similar to the units A through C of Bouma
sequence rocks found in proximal turbidite dep-
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Figure 5. Contact (at pen) between altered ul-
tramafic rock and metasedimentary quartz mica
schist, both belonging to the Alligator Back For-
mation on the southeastern flank of Grassy Hill,
just north of the intersection of State Road 919
and U. S. Highway 220 (Boones Mill quadrangle).
There is no contact metamorphism of the under-
lying mica schist by the ultramafic rock.

nematoblasts and variable amounts of epidote,
chlorite, albite and quartz. Where metagabbros
are present, the metabasalts directly overlie the
metagabbros; where metagabbros are absent, the
metabasalts are separated by a shear zone of
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6 and 7). The metabasalts locally contain minute
amygdules (1-2 mm), now filled with epidote, and
show a primary texture, that may possibly rep-
resent transposed flow lines or flattened and
attenuated pillow structures (Figure 8) (Conley
and Henika, 1970).
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schists. A metaconglomerate that shows graded
bedding and contains rock fragments up to a foot
in length is exposed in Town Creek on the south-
east limb of the Cooper Creek anticline (Henika,
1971). In addition, this metaconglomerate con-
tains angular fragments (rip-up clasts) of meta-
claystones and graphitic metaclaystones (Figure
10). At this locality, bedding is not only graded
but also repetitive. The basal part of one ofthese
beds is a coarse, structureless, polymictic con-
glomerate. Above the base the bed grades upward
into finer material. Some graded beds are over-
lain by a layer of finely laminated sandstone that
in turn may be overlain by a thin cross-bedded
sequence. The rocks exposed in Town Creek are
very similar to the units A through C of Bouma
sequence rocks found in proximal turbidite dep-
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Figure 7. Thin metabasalt layer in metagray-
wacke exposed on the east side of State Road 1008,
just south of its intersection with U. S. Highway
220 (Boones Mill quadrangle). Metabasalt layer
(at pen) lays between coarse, conglomeratic me-
tagraywacke on the right and metagraywacke
that shows graded bedding on the left. Top of
beds is to the left. This outcrop is at the top of
a thick section of metabasalt located along U. S.
Highway 220 just north of Rocky Mount.

Figure 8. Metabasalt in the Alligator Back For-
mation on the southeastern flank of Bald Knob,
east of Rocky Mount (Gladehill quadrangle).
Transposed and isoclinally refolded lens-shaped
masses are thought to be primary structures,
possibly transposed flow banding or flattened and
attenuated pillow structures.

Figure 9. Thin-bedded metagraywacke of Alli-
gator Back Formation on U. S. Highway 220 on
the south bank of Big Chestnut Creek (Snow
Creek quadrangle).

Figure 10. Lithic conglomerate showing graded
bedding in Alligator Back metagraywacke on
Town Creek one mile north of Henry (Bassett
quadrangle). Note channel cut into top of the
massive rock now filled with pebble conglomerate
(lower left and lower right corners of photo). A
claystone pebble that is recessed due to differ-
ential weathering (note black shadow at base) to
the upper right of coin.

osits. These metaconglomerates are probably
deposits of distributary channels on the inner to
mid part of a submarine fan at or near the mouth



60 VIRGINIA DIVISION OF MINERAL RESOURCES

Figure 7. Thin metabasalt layer in metagray-
wacke exposed on the east side of State Road 1008,
just south of its intersection with U. S. Highway
220 (Boones Mill quadrangle). Metabasalt layer
(at pen) lays between coarse, conglomeratic me-
tagraywacke on the right and metagraywacke
that shows graded bedding on the left. Top of
beds is to the left. This outcrop is at the top of
a thick section of metabasalt located along U. S.
Highway 220 just north of Rocky Mount.

Figure 8. Metabasalt in the Alligator Back For-
mation on the southeastern flank of Bald Knob,
east of Rocky Mount (Gladehill quadrangle).
Transposed and isoclinally refolded lens-shaped
masses are thought to be primary structures,
possibly transposed flow banding or flattened and
attenuated pillow structures.

Figure 9. Thin-bedded metagraywacke of Alli-
gator Back Formation on U. S. Highway 220 on
the south bank of Big Chestnut Creek (Snow
Creek quadrangle).

Figure 10. Lithic conglomerate showing graded
bedding in Alligator Back metagraywacke on
Town Creek one mile north of Henry (Bassett
quadrangle). Note channel cut into top of the
massive rock now filled with pebble conglomerate
(lower left and lowef right corners of photo). A
claystone pebble that is recessed due to differ-
ential weathering (note black shadow at base) to
the upper right of coin.

osits. These metaconglomerates are probably
deposits of distributary channels on the inner to
mid part of a submarine fan at or near the mouth



PUBLICATION 74 6t

of a submarine canyon (Middleton and Hampton,
1973;Walker, 1978).

The metagraywackes are composed of quartz,
microcline, perthite, plagioclase, muscovite and
biotite. Other minerals in accessory amounts less
than 10 percent) include epidote, sphene, ilmen-
ite, calcite, garnet, chlorite, zircon and magne-
tite. Graphite oecurs sparingly throughout the
metagraywackes as disseminated material and
as distinct graphite-bearing-schist layers on top
of graded beds. These graphite-rich roeks might
represent fine-grained, hemipelagic layers that
originally contained organic matter. Blue quartz,
a common constituent in the metagraywackes, is
also a common constituent of pre-Grenville
layered granulites and in Grenville age plutons
in the core of the Blue Ridge anticlinorium. If,
indeed, these. blue quartz elasts in the metagray-
wackes.were derived from an exposed pre-Gren-
ville and Grenville age basementterrane, itwould
suggest that the source for the sediments which
make up the metagraywackes was from the west,
off of the North American craton. This is in
marked contrast to source direetion indicated by
a series of eross beds in the previously described
Bouma sequence exposed along Town Creek.
These cross beds have little or no tectonic over-
print and all have a dip to the northwest, indi-
cating a source to the southeast. Both the cross
beds and the graded bedding (shown in Figure
9) indicate that the rocks exposed along Town
Creek are right-side up.

Mica Schist

Silvery-gray, quartz-mica schists occur as in-
terlayers in the metagraywackes and also form
a distinct mappable unit near the base of the
Alligator Back Formation around the nose of the
Cooper Creek anticline. This mica schist lies
directly on and is interlayered with the metaba-
salts at the base of the Alligator Back.

The mica schists are eomposed of varying
amounts of biotite, muscovite and quartz. They
contain fine trains of graphite and rare graphite-
rich layers. Other minerals present in accessory
amounts are tourmaline, garnet, plagioclase,
microcline and ilmenite.

Graphite Schist

Graphite-bearing rocks, ranging from graphite
schists to quartz-graphite schists, occur through-
out the Alligator Back Formation. Thin graphite
schist and quartz-graphite sehist bands are in-

terlayered with the metagraywackes and may be
in contaet with metabasalts locally.

The graphitic schists are gray to grayish black
and are eomposed of varying amounts of quartz,
muscovite and graphite and range from a quartz-
rich rock that has a flaggy foliation and a pro-
nounced pencil-rodding (Figure 11) to miea-rich
rock with a well-developed schistosity. Locally
these quartz-rich and mica-rich graphitic rocks
are interlayered. Graphite schists are composed
of up to 50 percent quartz and varying amounts
of graphite and mica. Pyrite is abundant in these
rocks. The more schistose rocks have proportion-
ately larger amounts of mica. Accessory minerals
include chlorite, biotite, ilmenite, and garnet.
Leucoxene occurs as an alteration of ilmenite.
Thin calcareous zones and thin discontinuous
quartzite beds oceur in the graphite schist in the
southeastern part of Fairy Stone State Park
(Conley and Henika, 1970).

The gray graphite schists were likely hemipe-
lagic sediments containing organic matter that
were deposited in a restricted basin under re-
ducing conditions.

Marble

White, pinkish-orange, and gray fine to eoarse
crystalline marbles occur interlayered with me-

Figure 11. Graphitic quartz schist that occurs
in Alligator Back Formation atentranceto Ryans
Branch Campsite, north shore of Philpott-Reser-
voir, just northeast of Union Church Bridge (Phil-
pott Reservoir quadrangle). A pronouneed rod-
ding is produced by intersection of transposed
bedding and schistosity. Kink band is located just
above pen.
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of a submarine canyon (Middleton and Hampton,
1973;Walker, 1978).

The metagraywackes are composed of quartz,
microcline, perthite, plagioclase, muscovite and
biotite. Other minerals in accessory amounts less
than 10 percent) include epidote, sphene, ilmen-
ite, calcite, garnet, chlorite, zircon and magne-
tite. Graphite occurs sparingly throughout the
metagraywackes as disseminated material and
as distinct graphite-bearing-schist layers on top
of graded beds. These graphite-rich rocks might
represent fine-grained, hemipelagic layers that
originally contained organic matter. Blue quartz,
a common constituent in the metagraywackes, is
also a common constituent of pre-Grenville
layered granulites and in Grenville age plutons
in the core of the Blue Ridge anticlinorium. If,
indeed, these. blue quartz clasts in the metagray-
wackes were derived from an exposed pre-Gren-
ville and Grenville age basement terrane, it would
suggest that the source for the sediments which
make up the metagraywackes was from the west,
off of the North American craton. This is in
marked contrast to source direction indicated by
a series of cross beds in the previously described
Bouma sequence exposed along Town Creek.
These cross beds have little or no tectonic over-
print and all have a dip to the northwest, indi-
cating a source to the southeast. Both the cross
beds and the graded bedding (shown in Figure
9) indicate that the rocks exposed along Town
Creek are right-side up.

Mica Schist

Silvery-gray, quartz-mica schists occur as in-
terlayers in the metagraywackes and also form
a distinct mappable unit near the base of the
Alligator Back Formation around the nose of the
Cooper Creek anticline. This mica schist lies
directly on and is interlayered with the metaba-
salts at the base of the Alligator Back.

The mica schists are composed of varying
amounts of biotite, muscovite and quartz. They
contain fine trains of graphite and rare graphite-
rich layers. Other minerals present in accessory
amounts are tourmaline, garnet, plagioclase,
microcline and ilmenite.

Graphite Schist

Graphite-bearing rocks, ranging from graphite
schists to quartz-graphite sehists, occur through-
out the Alligator Back Formation. Thin graphite
schist and quartz-graphite schist bands are in-

terlayered with the metagraywackes and may be
in contact with metabasalts locally.

The graphitic schists are gtay to grayish black
and are composed of varying amounts of quartz,
muscovite and graphite and range from a quartz-
rich rock that has a flaggy foliation and a pro-
nounced pencil-rodding (Figure 1l) to mica-rich
rock with a well-developed schistosity. Locally
these quartz-rich and mica-rich graphitic roeks
are interlayered. Graphite schists are composed
of up to 50 percent quartz and varying amounts
of graphite and mica. Pyrite is abundant in these
rocks. The more schistose rocks have proportion-
ately larger amounts of mica. Accessory minerals
include chlorite, biotite, ilmenite, and garnet.
Leucoxene occurs as an alteration of ilmenite.
Thin calcareous zones and thin discontinuous
quartzite beds oceur in the graphite schist in the
southeastern part of Fairy Stone State Park
(Conley and Henika, 1970).

The gray graphite schists were likely hemipe-
lagic sediments containing organic matter that
were deposited in a restrieted basin under re-
ducing conditions.

Marble

White, pinkish-orange, and gray fine to coarse
crystalline marbles occur interlayered with me-

Figure 11. Graphitic quartz schist that occurs
in Alligator Back Formation atentrance to Ryans
Branch Campsite, north shore of Philpott-Reser-
voir, just northeast of Union Church Bridge (Phil-
pott Reservoir quadrangle). A pronounced rod-
ding is produced by intersection of transposed
bedding and schistosity. Kink band is located just
above pen.
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tagraywackes around the nose of the Otter Creek
anticline (Conley and Henika, 1970), southeast of
the City of Rocky Mount (Rocky Mount and Glade-
hill quadrangles, McCollum, in preparation), and
in the re-entrant of the Smith River allochthon
north of Dickenson (Penhook quadrangle, Conley,
Piepul, Robinson, and Lemon, in preparation).
Most (but not all) of these marbles are finely
laminated (Figure 12) and may be interlayered
with thin, quartz-bearing layers and numerous
mica schist partings.

The presence of marbles containing numerous
thin quartz-bearing interlayers and mica sehist
partings in a metagraywacke sequence is anom-
alous. The marbles could be of clastic origin and
represent reworked shelf carbonates deposited as
part of a turbidite sequence.

Quartzite

Impure micaceous quartzites occur as interlay-
ers in the metagraywaekes and graphite schists
of the Alligator Back Formation. These quart-
zites are composed primarily of quartz, with
lesser amounts of muscovite, biotite and accessory
amounts of microcline, plagioclase, magnetite,
sphene, ilmenite, zireon and apatite. Quartz-
bearing layers are commonly separated by thin
sericite layers. Graphite schist fragments and

Figure 12. Finely laminated, impure marble on
southeastern limb of the Otter Creek anticline,
south shore of Philpott Reservoir on Rennett Bag
Creek at boat ramp, 0.5 mile NW of the Smith
River (Philpott Reservoir quadrangle). Quartzose
layers are accentuated by differential weather-
ing.

biotite films occur along foliation surfaces. Thin,
cross-bedded, isoclinally folded quartzite beds
were observed as interbeds in the graphite schists
along State Route 58 at the eastern boundary of
Fairy Stone State Park (Figure 13) and in a
metagraywacke unit in exposure along the right-
of-way of the Norfolk and Western Railway along
Town Creek (at the Franklin-Henry County
boundary on the northwestern edge of the Phil-
pott Reservoir quadrangle).

A different quartzite oceurs in contact with,
and probably stratigraphically overlies, the me-
tagabbros on the northwest side of Fairy Stone
Lake in Fairy Stone State Park (Figure 14). This
massive quartzite is a white to yellowish-gray

Figure 13. Thinly laminated quartzite inter-
layered with graphite schists on State Highway
58, on the eastern boundary of Fairy Stone State
Park (Philpott Reservoir quadrangle). Early set
of isoclinal folds F1 plunge steeply toward viewer,
and are eut by spaced cleavage lying parallel to
axial surfaces of a later set of isoclinal folds
(probably F2) that have subhorizontal hinge sur-
faces. Fine crossbeds are present but not appar-
ent.
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cross-bedded, isoclinally folded quartzite beds
were observed as interbeds in the graphite schists
along State Route 58 at the eastern boundary of
Fairy Stone State Park (Figure 13) and in a
metagraywacke unit in exposure along the right-
of-way of the Norfolk and Western Railway along
Town Creek (at the Franklin-Henry County
boundary on the northwestern edge of the Phil-
pott Reservoir quadrangle).

A different quartzite occurs in contact with,
and probably stratigraphically overlies, the me-
tagabbros on the northwest side of Fairy Stone
Lake in Fairy Stone State Park (Figure 14). This
massive quartzite is a white to yellowish-gray

Figure 13. Thinly laminated quartzite inter-
layered with graphite schists on State Highway
58, on the eastern boundary of Fairy Stone State
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faces. Fine crossbeds are present but not appar-
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Figure 14. Fine-grained massive quartzite show-
ing fine foliation planes (at top of pen). Locality
is on north side of Fairy Stone Lake directly
across from the swimming beach, Fairy Stone
State Park (Philpott Reservoir quadrangle).

rock that is composed of very-fine-grained sac-
charoidal quartz with sphene as the single ac-
cessory mineral. It has a rude tectonic foliation
but all primary textures, such as cross-bedding
and reliet clasts, are absent. Similar quartzites
containing abundant magnetite, oecur in associ-
ation with metagabbros and metabasalts south-
west of Rocky Mount.

The cross-bedded quartzites interlayered with
metagraywackes and the massive quartzites as-
sociated with metagabbros are probably of dif-
ferent origin. The thin, fine-grained quartzites
that overlie the metagabbros west of Rocky Mount
and along the northwest shore of Fairy Stone
Lake in Fairy Stone State Park might represent
recrystallized volcanogenic cherts, because they
are so extremely massive and do not contain
recognizable primary structures. They are asso-
ciated with the mafic igneous rocks and could
be at least in part precipitates from waters en-
riched in siliea by volcanic and associated fume-
rolic emanations.

STRUCTURAL RELATIONSHIPS

The Alligator Back Formation contains at least
two and possibly three intervals of metabasalt-
each is locally underlain by either metagabbro
or metagabbro and ultramafic rock. These me-
tabasalt intervals are (1) roeks at the base of the
formation, which lie directly upon the Ashe For-
mation in the core of the Cooper Creek anticline
and (2) a higher interval which makes up the thin,
basal metagabbro and thick metabasalt sequence
south of Ferrum. The metagabbro-metabasalt
sequence at Rocky Mount is possibly higher in
the section and thus (at least structurally) overlies
the thick metabasalt sequence south of Ferrum
(Figure 4). Grassy Hill seems to be formed of an
isolated, ultramafic-metagabbro mass. The iso-
lated mass of ultramafic rocks, metagabbros and
metabasalts, which makes up Brier Mountain,
overlie plagioclase gneiss of the Ashe Formation
in the core ofthe Cooper Creek anticline and could
represent a klippe from the base of the Alligator
Back. The suite of rocks that eompose Brier
Mountain is quite similar to rocks that compose
Jacks Mountain. which are in the base of the
Alligator Back and also overlie the Ashe Forma-
tion.

The repeated sequences of mafic and ultra-
mafic metaigneous rocks overlain by metasedi-
mentary rocks within the Alligator Back seem
to suggest that they are made up of imbricate
fault slices. Many of the sequences contain only
metabasalts,or met?basalts underlain by discon-
tinuous layers of metagabbro, which suggests
that these sequences are incomplete. The pre-
viously mapped (Conley and Henika, 1970) shear
zones of varying thicknesses developed within
and at the base of these metaigneous sequences
supports this conclusion. The lower part of the
metabasalt-metagabbro-ultramafic sequenee
that lies at the base of the Alligator Back is
sheared, as is the top of the underlying Ashe
Formation. Shear zones are also observed at the
base of most of the ultramafic-metagabbro-me-
tabasalt sequences that occur in stratigraphic
positions above the base of the Alligator Back.

An idealized paekage of a single fault slice
would consist of, from bottom to top: ultramafic
rock; gabbro, in many plaees cut by mafic dikes;
quartzite (metachert, probably a precipitate
from waters enriched in silica by volcanic em-
anations); metabasalt containing metagraywacke
interlayers at the top; and metagraywacke, lo-
cally containing interlayered marbles and thin
graphitic quartz-miea sehist layers (hemipelagic
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is on north side of Fairy Stone Lake directly
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charoidal quartz with sphene as the single ac-
cessory mineral. It has a rude tectonic foliation
but all primary textures, such as cross-bedding
and relict clasts, are absent. Similar quartzites
containing abundant magnetite, occur in associ-
ation with metagabbros and metabasalts south-
west of Rocky Mount.

The cross-bedded quartzites interlayered with
metagraywackes and the massive quartzites as-
sociated with metagabbros are probably of dif-
ferent origin. The thin, fine-grained quartzites
thatoverlie the metagabbros west of Rocky Mount
and along the northwest shore of Fairy Stone
Lake in Fairy Stone State Park might represent
recrystallized volcanogenic cherts, because they
are so extremely massive and do not contain
recognizable primary structures. They are asso-
ciated with the mafic igneous rocks and could
be at least in part precipitates from waters en-
riched in silica by volcanic and associated fume-
rolic emanations.

STRUCTURAL RELATIONSHIPS

The Alligator Back Formation contains at least
two and possibly three intervals of metabasalt-
each is locally underlain by either metagabbro
or metagabbro and ultramafic rock. These me-
tabasalt intervals are (1) rocks at the base of the
formation, which lie directly upon the Ashe For-
mation in the core of the Cooper Creek anticline
and (2) a higher interval which makes up the thin,
basal metagabbro and thick metabasalt sequence
south of Ferrum. The metagabbro-metabasalt
sequenee at Rocky Mount is possibly higher in
the section and thus (at least structurally) overlies
the thick metabasalt sequence south of Ferrum
(Figure 4). Grassy Hill seems to be formed of an
isolated, ultramafic-metagabbro mass. The iso-
lated mass of ultramafic rocks, metagabbros and
metabasalts, which makes up Brier Mountain,
overlie plagioclase gneiss of the Ashe Formation
in the core ofthe Cooper Creek anticline and eould
represent a klippe from the base of the Alligator
Back. The suite of rocks that compose Brier
Mountain is quite similar to rocks that compose
Jacks Mountain, which are in the base of the
Alligator Back and also overlie the Ashe Forma-
tion.

The repeated sequences of mafic and ultra-
mafic metaigneous rocks overlain by metasedi-
mentary rocks within the Alligator Back seem
to suggest that they are made up of imbrieate
fault slices. Many of the sequences contain only
metabasalts or metabasalts underlain by discon-
tinuous layers of metagabbro, which suggests
that these sequences are incomplete. The pre-
viously mapped (Conley and Henika, 1970) shear
zones of varying thicknesses developed within
and at the base of these metaigneous sequences
supports this conclusion. The lower part of the
metabasalt-metagabbro-ultramafic sequence
that lies at the base of the Alligator Back is
sheared, as is the top of the underlying Ashe
Formation. Shear zones are also observed at the
base of most of the ultramafic-metagabbro-me-
tabasalt sequences that occur in stratigraphic
positions above the base of the Alligator Back.

An idealized package of a single fault slice
would consist of, from bottom to top: ultramafic
rock; gabbro, in many places cut by mafic dikes;
quartzite (metachert, probably a precipitate
from waters enriched in silica by volcanic em-
anations); metabasalt containing metagraywacke
interlayers at the top; and metagraywacke, lo-
cally containing interlayered marbles and thin
graphitic quartz-mica schist layers (hemipelagic
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interlayers). The section fines upward and the
coarse metagraywackes are ieplaced up section
by graphitic quartz-mica schist containing thin,
lensoidal, cross-bedded calcareous quartzite lay-
ers.

EVIDENCE FOR AN OPHIOLITE
SEQUENCE

Definition and Description of an Ophiolite

An ophiolite was defined by the Penrose Con-
ference on ophiolites (anonymous, 1972) as a dis-
tinctive assemblage of mafic and ultramafie
rocks that should be used neither as a rock name
nor as a lithologic unit. An ophiolite sequenee is
composed of (from bottom to top): (l) an ultra-
mafie sequence composed of harzburgite, lher-
zolite and dunite that may show a tectonic fabric
and be serpentinized; (2) a gabbro sequence that
is generally less deformed than the underlying
ultramafic rocks; the gabbros may contain cum-
ulate bodies of peridotite and pyroxenite; (3) a
mafic sheeted-dike complex; (4) a mafic volcanie
sequence, commonly eontaining pillow basalts;
(5) an overlying sedimentary section composed
of ribbon cherts, shale interbeds, minor amounts
of limestone, podiform chromite bodies associated
with dunite and sodie felsic intrusive and extru-
sive roeks. Faulted contaets between mappable
units are common and produce ineomplete, dis-
membered and metamorphosed ophiolite sequen-
ces. Ophiolites are eonsidered to be derived from
oceanic crust and upper mantle rocks, but the
term is descriptive and not genetic. The strati-
graphic sequenee of metaigneous roeks overlain
by metasedimentary rocks that is repeated by
imbricate faults previously described in the
Lynchburg Formation closely resembles the ophi-
olites and their sedimentary cover rocks, as de-
fined by the Penrose Conferenee on ophiolites.

Geochemical Evidence

To further test the hypothesis that the ultra-
mafic-metagabbro-metabasalt sequenees in the
Lynehburg are ophiolites, three metagabbro sam-
ples and four metabasalt samples were analyzed
for major and trace elements. Major elements
analyses were made by Oliver M. Fordham, Jr.,
Virginia Division of Mineral Resourees. Analyses
of the trace elements Nb, Ar, Y, Sr, Rb, and Ba
were made by David Whittington, Department
of Geology, Florida State University. The results
ofthese analyses are presented in Table 1.

Pearce and Cann (1971, 1973) indieate that
basaltic eruptions in different geological envir-
onments have different chemieal eompositions.
The rocks that can be differentiated by this
method are: ocean-floor basalts, low-potassium
tholeiites, ealc-alkalin basalts, shoshonites,
ocean-island basalts and continental basalts. The
chemistry of ophiolitic basalts is not signifieantly
different from ocean-floor basalts (Pearce and
Oann, 1971), whieh supports the widely held
theory that ophiolites are obducted oceanie erust
and overlying ocean-floor basalts that were orig-
inally deposited along spreading centers of ocea-
nic basins.

A difficulty arises in comparing metamor-
phosed ophiolites with oeean-floor basalts be-
cause elements migrate differentially during
metamorphism. Pearce and Cann (1973) found
that the elements titanium, zirconium and yt-
trium have low mobility and therefore are rel-
atively insensitive to low grade metamorphism.
For this reason, these elements were chosen by
them for determining magma types in metamor-
phic rocks that do not exceed upper greenschist
or lower amphibolite faeies.

A comparison of samples analyzed (Figure 15)
shows that they follow the trend of ocean-floor
basalts and samples 5 and 7 lie in this field.
Samples 1 and 3 (and to a lesser extent sample
2) arc much lower in titanium than samples
plotted by Pearce and Cann (1971). Data in Figure
16, a triangular discrimination diagram for Ti
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Table 1. Chemical Analyses of Mafie Rocks from Alligator Back Formation
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Cr
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as FeO
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Figure 16. Discrimination diagram for Ti, Zt and
Y.

- Zr - Y , show that two of the samples fall within
the field of ocean-floor basalts; five samples plot
to the lower right of this field because of high
yttrium and low titanium content, but these sam-
ples are much closer in composition to ocean floor
basalts than to other basalt fields of the diagram.
This data is not conclusive but does indicate an
affinity to ocean floor basalts. To be more defin-
itive, a larger number of analyzed samples would
be required. In addition, the effect of lower am-
phibolite grade metamorphism on some of these
samples must also be determined.

In addition tothe chemical analysesof the mafic
roeks, 45 alluvial sediment samples were eol-
lected by McCollum during his field mapping of
the Rocky Mount quadrangle. These samples
were collected from streams issuing from Grassy
Hill, Brier Mountain and the ultramafic-meta-
gabbro-metabasalt sequences at the southern
edge of the City of Roeky Mount. The samples
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Table 2. Geochemistry of Stream Sediments
from the Rocky Mount Quadrangle

by Oliver M. Fordham, Jr.

Forty five 80-230 mesh stream sediment samples from the Roeky Mount quadrangle were analyzed
by atomic absorption spectrophotometry using a selective, hot, hydrochlorie acid method of attack.
Compared with many other stream sediment samples taken from the Virginia Piedmont and analyzed
in like manner, there are a number of anomalous samples in the Rocky Mount quadrangle. The table
presented below shows values for samples which have coneentrations above the threshold (i.e. mean
plus two standard deviations) for stream.sediment samples collected from the Virginia Piedmont.
Any samples showing Ag above I ppm or Cd above 0.5 ppm are anomalous. No anomalous samples
were detected for the elements - Li, Mn, Fe, or Sr.

were analyzed by O. M. Fordham, Jr., Virginia
Division of Mineral Resources, for the elements
Cr, Ni, Co, Cu, Pb, Li, Mn, Fe, Sr, Ag and Cd.
Fourteen of the samples analyzed contained
anomalously high values in one or more of the
elements selected for analysis (Table 2). The
elements Cr and Ni normally occur in the ultra-
mafic rocks of an ophiolite suite (Coleman, L977\.
The elements Cu, Pb,Zn, and Ag, reported from
near Rocky Mount (Fontaine, 1883) and at the
north end of Grassy Hill, just north of Rocky
Mount (MeCollum, in preparation), commonly

occur in association with ophiolites. These ele-
ments originate in massive sulfide deposits that
were originally deposited with the basalts along
a mid-oceanic ridge (Coleman, 1977).In addition,
there are massive sulfide bodies in the Lynchburg
Group of the Great Gossan Lead district along
strike to the southwest (Stose and Stose, 1957).
Thus, the stratigraphic, struetural and chemical
evidence supports the theory that the layers of
ultramafie-metagabbro-metabasalt roeks in the
upper formation of the Lynehburg Group are
partial sequences of ophiolites.

Element Coneentration (ppm)

Cu Pb Za Ag

Repository Number

R-7385

R-7386

R-738?

R-7388

R-7389

R-7390

R-7391

R-7392
R-7393

R-7394

R-?395

R-7396
R-7397

R-?398

Piedmont Values

Mean
Deviation
Std. Threshold

1.6

2.667

60

27

1.0

75

32

92

n:

9

13

54

28

55

30

18

,:

io
t:

6

4

16

t:

15

t4
l5

13

L4

16

6

6

L7

Co

39

28

20

20

31

4l
t:

8

4

18

Ni
146

118
.ID

uo

n:

28L
2t8
97

47

16

o

18

Cr

t4
44 0.5
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TIME OF OBDUCTION AND EMPLACEMENT
OF THE LYNCHBURG OPHIOLITES?

Fullagar and Dietrich (1976) determined rub-
idium-strontium whole-rock ages for 46 samples
of metasedimentary rocks from the Lynchburg.
The dates from these rocks fall into two age
ranges: 520-583 m.y. and 350-420 m.y. The 520-
583 m.y. age is interpreted by Fullagar and
Dietrich (1976) as a time of dewatering and
metamorphism of the Lynchburg sediments,
whereas the younger age is equated to a later
mid-Paleozoic metamorphic event.

Northeast along strike in the central and north-
ern Virginia Piedmont and Blue Ridge the ob-
ducted Lynehburg is overlain by continental ba-
salts belonging to the Catoctin Formation (Reed
and Morgan, l97t; Bland, 1978). This would
suggest that the Lynchburg ophiolites and me-
tasedimentary cover rocks were emplaced prior
to deposition of the Catoctin. These Catoctin lavas
were probably extruded during the initial stages
ofthe opening ofthe Iapetus Oeean. A discordant
lead-uranium age of 820 m.y. was obtained from
zircons in rhyolite interlayered with Catoctin
Formation rocks in southern Pennsylvania (Ran-
kin and others, 1969). This date is probably too
old (Williams and Stevens, 1974; Lukert, 1981;
Mose, 1981). The Robertson River Granite of
eentral Virginia, which possibly intrudes the
Lynchburg (Mose, 1981) and is itself cut by Ca-
toctin-like metabasalt dikes, was dated at 700
m.y. by use of the lead-uranium method from
zircons (Lukert, 1981) and at 550 and 580 m.y.
by use of the rubidium-strontium whole-roek
method (Mose, 1981). These radiometric age dates
would braeket a time between 700 m.y. and 550
m.y. when the Lynchburg was already in place
on Grenville basement in central Virginia.

In summary, the available evidenee suggests
that the Lynchburg ophiolites and metasedimen-
tary rocks were deposited in late Precambrian
time, prior to the 520-583 m.y. period of dewat-
ering and metamorphism of the unit proposed by
Fullagar and Dietrich (1976). Lynchburg sedi-
ments and underlying pieces of ocean floor were
obducted onto the continental margin (whieh is
now exposed on the southeastern limb of the Blue
Ridge anticlinorium) during a period of plate
closing. This orogenic event previously unre-
ported in the rocks of the Blue Ridge Province
occurred in late Precambrian or earliest Cam-
brian time in an interval before the outpouring
of the Catoetin continental basalts which were
generated in the beginning stage of the breaking

apart of continents to form the lapetus Ocean.
Although not previously recognized in the Blue
Ridge Province, evidence of a late Precambrian-
early Cambrian orogenic event is documented in
rocks from both the northern and south-central
Virginia Piedmont (Glover and Sinha, 19?3;
Drake 1983; Drake, this volume). The presence
of the Lynchburg almost continuously along the
eastern limb of the Blue Ridge anticlinorium
from northern Virginia to Georgia indieates the
magnitude of this late Precambrian-early Cam-
brian event.
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ABSTRACT

The Mobley Mountain granite of the Blue Ridge
of central Virginia occupies an area of about 2
by 4 km. It is a two-mica, alkaline granite, which
is medium grained and slightly foliated, with
associated aplitie and pegmatitic dikes, and in-
trudes the Grenville age Turkey Mountain pluton.
It is subsolvus and contains principally qtartz
(36%), microcline (25%), and albite (17%); biotite
ranges ftom 7-ll% and muscovite up to 2%. Ae-
eessory minerals inelude epidote, floreneite, zir-
con, sphene, apatite, fluorite, and garnet.

The pluton is a relatively deep mesozonal type,
and may have a primitive source in the uppermost
mantle. Its ehemical charaeteristics are those of
an alkali granite, with an initial Sr isotopic ratio
of 0.7045, and a mean K/Rb ratio of about 430.
A gravity model suggests a diapiric body reach-
ins7.2 km in depth; emplacement may have been
at about 18 km. The Rb/Sr age of 652+32 m.y.
corresponds well with the tin-bearing granite at
Irish Creek, which has an 39Ar/40Ar plateau age
of about 635 m.y.

The Mobley Mountain granite may have been
emplaced in a rifting continental block, with
minimal erustal involvement, by differentiation
of upper mantle derived basalt at depths below
that of plagioclase stability. It is one of a line
of latest Precambrian plutons of similar chemical
affinities and origin that extends from southeast-
ern New York to North Carolina.

INTRODUCTION

This paper presents the field relations, petrol-
ogy, and Rb-Sr whole.rock age of the Mobley
Mountain granite,located in the Roseland district
of central Virginia about 25 km north of Lynch-
burg, in the southwestern part of the Piney River
?.5-minute quadrangle (Figure 1). The granite
crops out over an area of about 2 by 4 km,
underlying Mobley Mountain with elevations of
over 400 m and relief up to about 150 m. The
roek is medium grained, and shows slight foli-
ation which is more pronounced towards its mar-
gins. The border relations of the Mobley Moun-
tain granite are characterized by small-seale
anatectie mobilization within the mylonitic bi-
otite gneiss which it intrudes, and a 2 to 3 km
halo of abundant related aplitic and pegmatitic
dikes. Mierocline perthite, plagioclase (An1-5),
quartz, biotite, and elinozoisite-epidote are the
major minerals. Aecessories include muscovite,
florencite (a rare-earth phosphosilieate), sphene,
apatite, fluorite, and in places, almandine-gros-
sularite garnet. Just to the south of Mobley Moun-
tain, perrierite, (Ce, Ca, Th)2(Ti, Fe)2Si2O11, is
found together with other rare earth minerals
in a deeply weathered pegmatite (Geitgey, 1967).

The Mobley Mountain granite possesses the
eharaeteristics of relatively deep mesozonal plut-
ons (Buddington, 1959): contact aureole, chilled
margins, and miarolitic struetures laeking; mi-
nor assimilation and anatexis restricted to the



PUBLICATION 74 7L

border zone; abundant aplites extending into the
country rock; and rough concordance to the re-
gional trend. The presence of magmatie epidote
suggests pressures (P1=Pso6) greater than 2 kb
and up to 8 kb (Zen and Ha-mmerstrom, 1982).

Reeent models of the evolution of the Appala-
chian orogen include the formation of a proto-
Atlantic or Iapetus Ocean by continental frag-
mentation duringthe late Precambrian (Bird and
Dewey, 1970; Rankin, 1975). Accordingto Rankin
(1975), this lateral expansion was eoneurrent
with the onset of emplacement of an anorogenic,
bimodal plutonic-volcanic group whose silicic
members have peralkaline affinity. Although
studied in northwestern North Carolina (Rankin,
1975), this rock suite may be recognized in the
Precambrian terrans of central Virginia (Figure
2). Along the southeastern flank of the Grenville
and older Blue Ridge antielinorium, the late
Precambrian to early Paleozoic volcanie-volca-
noclastic sequences are locally intruded by gra-
nitic plutons (Rodgers, 197 2). In central Virginia
and to the southwest, this sequenee includes the
Catoctin and Mount Rogers formations; the gra-
nitie plutons with peralkaline affinities, include
the Robertson River, Beeeh, Crossnore, Striped
Roek (Rankin, 1975), and Mobley Mountain.

GEOLOGIC SETTING

The Mobley Mountain granite lies on the south-
eastern flank of the basement core of the Blue
Ridge anticlinorium, in the southwestern part of
the Roseland district (Herz and Foree, 1984), in
central Virginia (Figure 2).In central Virginia,
the Blue Ridge is physiographically a single
mountain range 10 to 20 km across, that reaches
elevations of about 1200 m (Rodgers, t972). A
variety of Grenville and pre-Grenville plutonie
gneisses, ranging in composition from granitic
to eharnockitic, forms the basement eore of the
anticlinorium, unconformably overlain on the
northwest and southwest limbs by younger Pre-
cambrian metasediments and metavolcanies (Es-
penshade, 1970).

Grenville and older basement rocks, including
anorthosite, granulite, Roses Mill and Turkey
Mountain ferrodiorite plutons, and the Pedlar
charnockite underlie the Roseland district (Heru
and Force, 1984). Leueocratic charnoekites, man-
gerites, and layered granulites eonstitute the
oldest lithologies, and crop out in the southeast
half of the district. The Roseland anorthosite cuts
these older roeks; this sequence, in turn was
intruded by ferrodiorites and charnockites about
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Figure 1. Generalized geological map of the Blue
Ridge of Virginia and adjacent states (after Rankin
and others, 1973).

1,040 m.y. ago. The Grenville deformational event
followed this intrusive cycle. A northeast-trend-
ing ductile deformation zone extends across the
northwest part of the district, separating the
Roses Mill and Turkey Mountain plutons in the
southeast from the Pedlar massif to the northwest
(Figure 2). The zone may have its origin in
Grenville time, reactivated in Paleozoic deforma-
tions.

PETROLOGY OF THE COUNTRY ROCKS

Several lithologies of Grenville and pre-Gren-
ville age described in the Roseland district (Herz
and Force, 1984) crop out in the vicinity of Mobley
Mountain. Only the Turkey Mountain pluton is
intruded by the Mobley Mountain granite.
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Feldspathie gneiss

Associated with granulites of the Roseland dis-
trict are massive feldspathie gneisses containing
blue quartz, mesoperthitic K-feldspar, plagio-
elase, ortho- and clinopyroxenes, biotite, and tra-
ces of ilmenite, apatite, and zircon. These rocks
are among the oldest in this region and predate
the Grenville orogeny, during which they under-
went granulite facies metamorphism. Paleozoic
greenschist metamorphism later retrograded
much of the feldspathic gneiss.

Feldspathic gneiss crops out northwest, north,
and southeastof the Mobley Mountain granite and
exhibits a range of cataelastic deformation. The
degree of schistosity generally increases towards
the northwest as a ductile deformation zone is
approached. Where least deformed, this lithology
is nearly massive, possessing the textural fea-
tures of a cataclasite (Higgins, 1971) with gran-
ulated qaartz fragments about 0.5 mm in size.
Otherwise, quartz is anhedral, polycrystalline,
and ranges up to 5 mm in size. Slightly sericitic
mesoperthitic K-feldspar up to 4 mm, plagioclase
up to 2.5 mm with inelusions of white mica, and
clinozoisite, biotite, opaques, and epidote-clino-
zoisite make up the remaining mineralogy.

Shaeffer Hollow Granite

The Shaeffer Hollow Granite is a coarse-
grained leucocratic rock with tabular feldspar
phenocrysts up to 5 em in length and predates
the Turkey Mountain pluton. The granite is com-
posed of blue quartz, perthitic microcline, anti-
perthitic plagioclase, and biotite, with trace
amounts of ilmenite, apatite, and zircon (Herz
and Force, 1984).

A cataclastic version of this lithology oceurs
along the southeastern contact of the Mobley
Mountain granite as a leucocratic mylonite
quartz gneiss. The gneiss contains large (3 to 4
cm) augen of recrystallized quartz (0.1 to 3 mm),
perthitie microcline (up to 2.5 em), and kink-
banded plagioclase (0.5 to 3 mm); biotite, asso-
ciated with epidote, sphene, garnet, and opaques,
defines a fluxion structure.

Turkey Mountain Pluton

The Turkey Mountain pluton crops out exten-
sively in the southeastern portion of the Roseland
district. Just to the northeast is the Roses Mill
pluton, which is related to the Turkey Mountain
pluton and about 960 m.y. in age. Both plutons

are of Grenville age (Herz and Foree, 1984) and
both contain xenoliths of the older granulite
gneiss and anorthosite (Force and Herz, 1979).
The Turkey Mountain pluton occurs in two major
phases: massive to well-layered quartz mangerite
and charnockite, and well-foliated biotite mylo-
nite gneiss. The mylonite gneiss may have been
derived by retrogression from the original char-
nockite; pyroxene was replaeed by biotite. Biotite
mylonite gneiss forms the country rock intowhich
the Mobley Mountain granite was intruded, and
contains abundant Mobley-derived aplitic dikes.

Turkey Mountain c-harnockite in this area is
hypidiomorphic granular. Quartz, perthitic mic-
roeline, plagioclase (andesine antiperthite), ural-
ite, biotite, serieite, apatite, ilmenite, and sphene
are the dominant minerals. Ortho- and clinopyr-
oxenes are rare, and are rimmed by uralite,
biotite, and chlorite. This, plus common highly
sericitized plagioclase, is evidence for wide-
spread retrogradation of the orginal igneous

Figure 2. Geological and sample location map,
southwestern partof the Roseland district, Virginia
(after Broek, 1981; Herz and Force, 1984).
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mineral assemblage. Quartz in the massive phase
is anhedral, with undulatory extinction, and
rang:es from 0.1 to 5 mm in size. Plagioclase
grains (Angg_ag) are eommonly fractured, anhed-
ral, highly sericitic, twinned, and 1 to 3.5 mm.
Perthitic mierocline is anhedral and ranges in
size from 1to 5 mm. Pyroxenes are corroded and
embayed, with maximum grain sizes of about 1.5
mm. Ilmenite, 0.3-1.5 mm in size, is mantled by
sphene.

Biotite mylonite gneiss is the most common
lithology of the Turkey Mountain pluton in this
area. The rock possesses a blastomylonitic tex-
ture; polycrystalline qaartz, kink banded, serie-
itized and saussuritized perthitic microcline, and
plagioclase (Ans_26), biotite, epidote, sphene,
apatite, and ilmenite are the dominant minerals.
Augen of feldspar and granular quartz, encased
in biotite oriented along the principal foliation
plane, are characteristie.

PETROLOGY OF THE MOBLEY MOUNTAIN
GRANITE

The Mobley Mountain granite is white to light
yellow with subparallel black flecks. It is sub-
solvus, fine to medium grained (0.01 to 2 mm),
with a hypidiomorphic granular to poorly foliated
texture and is dominantly eomposed of quartz (36
percent), slightly perthitic microcline (25 per-
cent), and albite (17 percent). Biotite is the prin-
eipal mafic mineral (7 to 17 percent) and is
aceompanied by as much as 2 percent muscovite.
Characteristic accessory minerals include epi-
{o1", sphene, apatite, florencite (CeAlg
(POrz(OH)6), zircon, garnet, and fluorite (Brock,
1981).

Quartz

Quartz is anhedral and polycrystalline, form-
ing aggregates of grains up to 2.8 mm in size
at the center of the body, with individual grains
ranging from 0.2 to 0.8 mm. Along the margins
of the body, quartz aggregates reach only about
1.2 mm and are generally composed of single
grains less than 0.1 mm. Grain boundaries are
irregular, and strongly undulose extinction is
universal. Quartz'inclusions about 0.2 mm are
seen in places within the ferthitie microcline
grains.

Plagioclase

Plagioclase forms unzondd, twinned crystals
within the body up to 1.6 mrn; near its boundaries
generally less than 0.8 mf. Most grains are

subhedral and saussuritized.

Microeline

Microcline is the coarsest grained mineral
phase, reaching 7 mm at the center and 1.6 mm
atthe margin of the pluton. Crystals are anhedral
to subhedral, with quadrille twinning and strin-
gers of exsolved albite; many grains have irreg-
ular boundaries. Sericitized plagioclase, biotite,
quartz, and white miea are common inclusions.

Biotite

Biotite is the dominant mafic phase, constitut-
ing up to 17 percent as coarse subhedral flakes,
commonly with subparallel alignment. Pleoehro-
ism is from olive to yellowish green; inclusions
of zircon with pleochroic halos and rutile needles
are common. At the center of the body, biotite
occurs as unaligned patchy masses (0.5 to 2.5
mm), assoeiated with subhedral grains and par-
tially altered to chlorite. Nearer the contact,
biotite flakes up to 0.8 mm are well aligned as
a result of the strong shear deformation and
define the principal foliation plane of the granite.
Sphene is also associated with biotite, forming
anhedral inclusions in places.

Muscovite

Primary muscovite was found in all thin sec-
tions, up to 2.2 petcent, but always in amounts
subordinate to biotite. The muscovite commonly
oecurs as thin tabular flakes up to 0.5 mm,
intergrown with biotite. A close association with
epidote is also seen and small (0.01 mm) epidote
inclusions are common. Secondary sericite, 0.01-
0.05 mm in diameter, occurs abundantly as an
alteration product of plagioclase and ranges up
to 4.4 pereent in the most altered samples.

Chlorite

Minor amounts (up to 1.2 pereent) of chlorite
oceur as an alteration product, commonly as
mantles on biotite. Pleochroism is weak, with
color ranging from dark green to green.

Epidote

Epidote is an abundant accessory mineral (2.8
tn 7.5 pereent), generally occuring in patchy
intergrowths intimately associated with biotite.
Grains are subhedral, up to about 1.5 mm. In-
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clusions of quartz and biotite are common; less
commonly, euhedral and orange florencite crys-
tals core the epidote. Small inclusions of elino-
zoisite, less than 0.05 mm, occur as plagioclase
saussuritization products.

Florencite

Floreneite is a basic cerium eartli phosphate
with substitution possible by numerous elements,
so that its ideal chemical formula, CeAls GOdz
(OH)0, is only approximate. Color ranges from
dark red through pink and olive to dark green,
with reddish shades denoting the presence of iron
(Geitgey, f967). A deeply weathered pegmatite
at Burley Farm, 0.8 km southwest of the Mobley
Mountain granite, was studied by Geitgey (1967).
He noted that florencite, the most abundant rare
earth phosphate in the rock, occurs as an alter-
ation product of perrierite, a radioaetive rare
earth titanosilicate. Within the granite, florencite
is erimson to orange and commonly eores epidote
grains. The largest grains (up to 1.5 mm) are
euhedral and appear to be zoned. In plane light,
the mineral is turbid with slight pleochroism;
under crossed polars, it is dark. It seems unlikely
that florencite represents a primary igneous
phase in the granite. The secondary relationships
seen by Geitgey (1967) at Burley Farm suggest
that florencite also formed by deuteric processes
in the Mobley Mountain granite.

Garnet

Garnet is present up to 1 pereent in most thin
sections. Crystals are subhedral to prismatic,
from 0.1 to 1 mm and with minute inclusions of
quartz (0.01 mm). Grain boundaries are distinct
and show no evidence of resorption.

Other Aceessory Minerals

Other accessory minerals include apatite,
sphene, fluorite, and zircon. Apatite forms small
(0.1 mm) prismatic grains; sphene is subhedral
to euhedral and up to 1 mm. Fluorite is anhedral,
as mueh as 0.3 mm in size and is colorless, aside
from rare purple spots. Zfteon occurs as minute
inclusions in biotite surrounded by pleochroic
halos.

MOBLEY MOUNTAIN LEUCOCRATIC DIKE S

Abundant leucocratic dikes cutthe border zone
of the Mobley Mountain granite and extend for

2 tn 3 kilometers within the Turkey Mountain
pluton. These dikes apparently developed late in
the magmatic history of the granite and range
in width from about 3 meters to less than 0.5 cm.
Most, however, are less than 0.5 meters in width.
They consist of variable amounts of quartz, mie-
roeline perthite, and albite. Aecessories include
biotite (commonly partially altered to chlorite),
epidote, and muscovite, plus traee amounts of
garnet, florencite, ziteon, and sphene.

Within the unsheared portions of the Turkey
Mountain pluton, leucoeratie dikes are aplitic.
Microcline perthite is typically 2 mm, and pla-
gioclase and quartz range between 0.5 and 1.5
mm. Felsie dikes eutting sheared portions of the
Turkey Mountain pluton are typically transposed
to eoncordancy with the northeast-trending,
southeast-dipping mylonitic fabric of the country
rock. This transposition may be observed in the
field as felsic dikes pass from unsheared into
sheared country rocks, and has resulted in ca-
taclastie textures and attendant reductions in
grain size in the felsic dikes.

MARGINAL MIGMATITIC ZONE

Contacts of the Mobley Mountain granite are
eharacterized by a zone of localized anatexis in
the Turkey Mountain pluton up to about 300
meters thick. The best exposures of this marginal
migmatitic zone are found along the eastern and
northern boundaries of the granite, especially
along the Buffalo River. Partial melting of Tur-
key Mountain xenoliths has produced abundant
leucosome material that grades into roek visually
indistinguishable from the Mobley Mountain
granite. Xenoliths are often encased in several
centimeters of biotite rieh''melanosome material.
Additionally, a ferrohastingsite-bearing granitic
rock oecurs as patehes in, and interlayered with,
leueosome material on a scale ranging from sev-
eral eentimeters to several meters.

Marginal leucosome rock is hypidiomorphie
granular to slightly foliated and is predominantly
composed of quartz, microcline perthite, and
plagioclase. Quartz is anhedral and ranges from
0.05 to 0.5 mm, and microeline perthite, also
anhedral, is up to 2 mm. Plagioelase, 0.1to 2mm,
is subhedral, and normally zoned from An16 to
Arzo. Aecessories are biotite with zircon inclu-
sions, and epidote. Marginal melanosome is bi-
otite rich with subordinate amounts of quartz,
microcline perthite, and albite, Epidote is a com-
mon aecessory, and traee amounts of apatite,
sphene, and ilmenite are seen.
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The marginal ferrohastingsite-bearing gra-
nitie phase may have formed by reaction of Mob-
ley Mountain magma with the Turkey Mountain
pluton. Mineralogically it is quite similar to typ-
ical Mobley Mountain granite, exeept for the
presence of greenish blue subhedral to euhedral
ferrohastingsite, commonly rimmed by biotite.
Texturally it possesses a faint mylonitic foliation.
Quartz (0.05 to 1 mm), microeline perthite (up
to 0.8 mm), and plagioelase Arr-z (up to.05 mm)
are the dominant minerals. Accessories include
epidote, florencite, garnet, and zircon.

STRUCTURE AND FIELD RELATIONS

The Mobley Mountain granite bears an intru-
sive relationship to the Turkey Mountain pluton
(Figure 2). Both intrude the older Shaeffer Hol-
low granite and granulites which also form xe-
noliths in the Mobley Mountain and the Turkey
Mountain.

The Mobley Mountain granite appears to core
a northeast trending antiform, slightly over-
turned to the northwest. Evidence for the struc-
tural position of the pluton at the eore of a fold
structure is seen in the repetition of older rock
types to the northwest and southeast. The Turkey
Mountain pluton, with an intrusive relationship
to the pre-Grenville roeks and the Roseland
anorthosite, is structurally above and intruded
by the Mobley Mountain granite. The entire fold
structure about Mobley Mountain is thus inter-
preted as an antiform.

Although the Mobley Mountain granite lacks
any planar element predating Paleozoic deforma-
tion, folding of the granite is suggested by several
observations, ineluding the development of a my.
lonitic foliation (presumably axial planar to fold-
ing) and a northwest-southeast attenuation of the
pluton's outcrop geometry. The granite is most
strongly foliated along its northwest margins.
Near the contacts in this area, sheared Turkey
Mountain pluton is intensely mylonitized, with
ultramylonite zones up to about 0.5 meters wide.
The Buffalo River shows a deflection in its course
towards this shear foliation trend.

GEOCHEMISTRY OF THE MOBLEY
MOUNTAIN GRANITE

The Mobley Mountain granite is relatively ho-
mogeneous in its major-element chemistry (Table
1). Comparison of the Mobley Mountain granite
rnajor-element composition with average gran-
ites of LeMaitre (1976) and Rogers and Greenberg

Table 1. Major element variation
Mountain granite.

LOW MEAN

of the Mobley

STANDARD
DEVIATION

si02
Ti02
Al2os
FerOr*
MnO
Mgo
CaO

N%o
rqo
Prou
L.O.I.

71.63

0.67

14.26

7.28

0.09

0.39

1.60

64.03 67.76

0.16 0.47

t2.99 13.66

3.10 5.54

0.03 0.07

0.13 0.33

0.59 1.10

2.90 3.32

4.80 5.08

0.04 0.20

0.26 0.64

Key to Table: data given as weight percent; *all iron as Fe2O3,

L.O.L = loss on ignition; 14 samples analyzed (Brock, 1981).

(1981), reveals that the average Mobley granite
resembles most closely alkali granites, especially
for 4'1203, MgO, CaO, Na2O, and K2O (Table 2).

The distinction between calc-alkalic and alkalie
granites is important because the former is gen-
erally subduetion related, accounting for the bulk
of granitic rocks exposed in continental areas,
whereas the latter is associated with crustal
attenuation and found in rifting environments.
Petrogenetic relationships between the constitu-
ents of calc-alkalic suites can be portrayed on
Harker diagrams where plots of the major ele-
ment oxides against siliea trace the systematic
changes in the composition of a magma under-
going fractionation (Figure 3).

Rogers and Greenberg (1981) have suggested
several criteria to aid in discrimination of alkali
granites. Chemically, most alkali granite suites
are either metaluminous or peraluminous; total
K2O plus Na2O is high (greater than 6 percent),
whereas CaO and MgO eontents are low, and SiO2
is greater than 65 percent. Based on these cri-
teria, the Mobley Mountain granite, with SiO2
of 67.76 percent, total Na2O and K2O of 8.4
pereent, and low MgO (0.33 percent) and CaO
(1.10 percent), is an alkali granite.

Another test of calc-alkalic vs. alkali granite
suites can be shown by a plot of SiO2 content vs.
the ratio of potassium, the most lithophilic major
element, to magnesium, the most mafic element
(Ghuma and Rogers, 1980). Most Mobley Moun-
tain granite samples plotwithinthe alkali granite

4.5L

5.97

0.85

0.78

2.22

0.10

0.40

1.01

0.02

0.08

0.19

0.30

0.34

0.05

0.14
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fields; those which do not are slightly more en-
riched in K2O (Figure 4).

Alkali granites intruded into Precambrian
shield areas are commonly post-tectonic and ap-
pear to precede the development of a stable erust.
This contrasts with calc-alkalic granites which
are generally syntectonic (Buddington, 1959).
Many alkalic granites with low initial strontium
isotopic ratios are loealized within orogenie belts
geographically related to continental margins
and are commonly emplaced during the onset of
continental rifting. The relatively low initial
strontium ratios (less than 0.710) suggests a
tectonic setting with limited crustal involvement
in the generation of these these magmas (Loiselle
and Wones, 1979; Rogers and Greenberg, 1981).
The Mobley Mountain granite, which is post-
Grenville, thus post major tectonism, has an in-
itial strontium ratio of 0.7045, (discussed in the
next section); thus it is a low initial 873r/865r
alkali granite. A mantle-derived melt which did
not interact with rocks of the lower crust seems
best to deseribe the Mobley Mountain. Anatexis
of upper mantle to yield alkali basalt has been
well established (Ringwood, 1975). Ioiselle and
Wones (1979) proposed that alkali granites with
low initial strontium ratios emplaced in eontinen-
tal blocks undergoing fracturing may have
evolved with minimal crustal involvement by the
fractionation of an alkali basalt magma.

The uppermost mantle, to about ?0 kilometers
depth, is predominantly composed of spinel lher-

Table 2. Mobley Mountain granite compared to
other granites (data in weight percent).

Mobley

Mobtey Mountqin Gronite o
Alkoli Grqnites o
Sierro Nevsdss ....

50 55 60 5s 70 75
'/,si02

Figure 3. Harker diagram, Mobley Mountain gran-
ite compared to Cale-Alkaline and Alkaline gran-
ites. S.C. Batholith = Southern California; S.W.
Paeific = New Britain (after Rodgers and Green-
berg, 1981; Broek, 1981).

zolite (Ringwood, 1975). Computer modeling of
a typical Fen lherzolite by XLFRAC mass bal-
ance partial-melting simulation (Stormer and
Nicholls, L977),followed by fraetionation of mafic
phases, produced a magma virtually identieal to
the Mobley Granite magma (Brock, 1981). This
procedure, of eourse, only demonstrates the pos-
sibility of a genesis for the granite by direct
crystallization from this primitive liquid. The
fraetionation.of mafic phases from a lherzolite-
derived basaltic magma, at depths below the
stability range of plagioelase (greater than about
40 kilometers), is the favored origin for the Mob-
ley Mountain granite (Brock, 1981).
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sioz 67.76 71.30

Tioz 0.47 0.31

Al2o3 13.66 14.32

Feror* 5.54 2.85
MgO 0.88 0.71

CaO 1.10 1.84

72.5 7t.6
0.8 0.4

l4.l 13.8

2.2 3.0

0.4 0.5

1.8 L.7

3.6 3.5

4.8 5.2

NqO 8.32 3.68

rqo 5.08 4.07

72.4 74.8

0.4 0.1

13.7 12.7

3.1 1.0

0.4 0.1

1.3 0.6

3.4 4.L

5.1 4.5

Key to table: I = average granite (I*Maitre, 1976);2 = average
alkali granitc (Rogers and Greenberg, 1981); 3 = six plutons
of Mpageni and Sicumusa granite types (Rogers and Greenberg,
1981); 4 = Town Mountain granite, Llano uplifl eentral Texas
(Rogers and Greenberg, 1981); 5 = Youngpr granites of eastern
Egypt (Rogers and Greenberg, 1981); 't - all Fe as Fer0t
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Figure 4. SiOz weight percent vs. log (KzOlMgO),
Mobley and Irish Creek granites compared to Calc-
Alkalie and Alkalic granites (Rodgers and Green-
berg, 1981; Brock, 198f).

Further evidenee for a primitive source is seen
in the mean K/Rb ratio of the Mobley Mountain
granite (about 430). The normal range for K/Rb
ratios for granites is 150.to 300 (Taylor, 1965).
I,ow K/Rb values are a common consequenee of
extreme fractionation, as K is selectively removed
relative to Rb by feldspar fractionation. The
abnormally high K/Rb of the Mobley Mountain
granite also suggest that following the fractio-
nation of mafic phases, further fractionation,
especially of feldspar, was minimal or nonexist-
ent.

A gravity model also provides a strong argu-
ment for a deep souree for the Mobley Mountain
granite (Eppihimer, 1978). The model was based
on the residual gravity anomaly measured above
the granite and the density differenee between
biotite mylonite gneiss of the Turkey Mountain
pluton and the granite. The model shows the
Mobley Mountain granite as a 7.2 km-deep di-
apiric body. Assuming mesozonal emplacement
of the Mobley Mountain granite, this model places
the base of the granite near the lower crust-upper
mantle interfaee (Ringwood, 1975).

Reeent models of the evolution of the Appala-
chian Caledonian orogenic belt based on plate
tectonics include an interval of eontinental rift-
ing and the initial opening of the Iapetus Ocean
during the late Precambrian (Windley, 1978).
Within the central Appalaehians, this lateral
expansion was marked by the emplacement of
nonorogenic, bimodal plutonie-volcanic roeks,

whose silicic members consists of alkalic rocks
of peralkaline affinity (Rankin, 1975). A Rb-Sr
study was therefore conducted to see if the Mobley
Mountain granite was a member of this late
Precambrian Eroup of alkalic rocks.

Rb-ST AGE DETERMINATION

Twelve samples were collected from the Mobley
Mountain granite for Rb-Sr study (Figure 2).
Modal (Table 3) and major-element (Table 4)
analyses were carried out as well as Rb and Sr
isotopic analyses (Table 5). The Rb-Sr technique
used in this study is based on the radioactive
decay of 87Rb to 87Sr by beta-emission. The half-
life for the decay is estimated to be about 4.89
x lQ10 years; the deeay constant is 1.42 x l$-11
x years -1 (Steiger and Jager 1977). The samples
of the granite were each about 10 kg. They were
crushed and split to 10-g portions which were
powdered; about 0.3 g of each sample was iso-
topically analyzed. Each analysis was done using
SaSr and 87Rb spikes, and ultrapure HF, HCIO4,
and HCl.

The strontium analyses were made using a
Nier-type, 6-inch radius, single filament mass
spectrometer with a programmable automatic
data-acquisition system at the Department of
Terrestrial Magnetism of the Carnegie Institu-
tion in Washington, D.C. The Rb isotopic analyses
were made using a l2-ineh radius mass spec-

Table 3. Modal analyses of Mobley Mountain gran-
ite.*

Mineral c-2 D-2 F-2 l-L M-l N-l 0-1 P-1 v-1 w-1

QUARTZ
MICROCLINE
PERTHITE

PI"AGIOCLASE

BIOTITE
CHLORITE
EPIDOTE
MUSCOVITE

SERICITE
GARNET
FLUORITE
FLORENCITE
APATITE
ZIRCON

SPHENE

12.1 15.6 10.7 8.5

0.1

13.0 11.7 12.0 10.0 13.4

0.1 1.2

37.5 36.3 3:|.9 37.6 37.4 30.9 33.8 33.0 3?.2 36.3

24..7 20.r 32.1 23.4 299 gS.2 25.6 2t1.2 24.6 L9.7

16.0 18.1 15.4 20.9 17.4 L3.9 17.6 L9.2 18.1 15.0

6.8 4.9

0.6 0.4

1.0 4.4

0.5 tr
0.1

tr tr
0.2 0.4

9.9

0.9

4.3

t.7
2.7

0.1

0.5

0.4

tr
0.6

4.6 7.5 3.6 3.6

2.0 0.4 2.2 1.7

1.7 1.8 1.6 2.1

0.2 0.1 0.5

0.2 0.1 0.1

0.2 0.2 0.3

0.1 0.2 0.4

0.1, 0.1 tr tr
0.5 0.9 0.1 0.4

3.5 5.4

tr 1.5

2.2 2.2

0.2 0.1

0.2

tr 0.6

0.7 0.1

0.7 0.1

t2.4

1.5

1.5

0.1

tr
0.1

tr
0.4

* = total points counted in each=800; tr = trace



78 VIRGINIA DIVISION OF MINERAL RESOURCES

Table 4. Major element analysis of Mobley Moun-
tain granite.*

c-2 D-2 F-2 Ll M-l N-1 0-1 P-l V-l W-l

Sum 94.73 100.26 99.42 101.43 94.42 96.72 99.1? 99.89 99.66 98.46

that intruded Grenville rocks in New York (Long,
1969; Mose and Hayes, L975; Mose and others,
1982), Virginia (Eckelmann and Mose, 1981;
Mose 1981; Smith and others, 1981), and North
Carolina (Odom and Fullagar, 1971; 1982). Stud-
ies presently in progress indicate that the Blue
Ridge and similar terranes in the northern Ap-
palachians contain many more granitic plutons
which were emplaeed in latest Precambrian time,
about 700 to 550 m.y. ago.

RELATIONS OF THE MOBLEY MOUNTAIN
GRANITE TO THE IRISH CREEK GRANITES

A granite with an associated tin deposit crops
out at Irish Creek about 23 kilometers to the
northwest of Mobley Mountain, intruding the
westernmost Blue Ridge basement terrain. The
40Ar/39Ar age spectra on 2 syngenetic muscovite
samples from Irish Creek greisen have yielded
well defined plateau ages of 637 and 634+ 11 m.y.
(Hudson and Dallmeyer, 1982). This fluorite-
bearing 2-mica granite appears to be spatially,
mineralogically, and genetieally related to greis-
enization of the Irish Creek tin district. These
ages are interpreted to approximate the time
of emplaeement of the granite at Irish Creek
(Hudson and Dallmeyer, 1982). The petrological,
geoehemical, and geochronological similarities of
the granites of Mobley Mountain and Irish Creek

Table 5. Rb and Sr
Mountain granite.

Sample 87Rb/87Sr

Number Atomic
Ratio

isotopic analyses of Mobley

sioz 65.51 68.29

Tioz 0.52 0.55

AL2O8 13.13 13.50

F"r% 5.42 1.ffi
MgO 0.38 0.39

CaO 0.89 1.10

Na,O 2.90 3.13

l(ro 4.9L 4.77

MnO 0.09 0.09

PrOu 0.20 0.27

L.O.L 0.78 0.66

69.10 68.58 64.03

0.48 0.48 0.42

13.99 13.54 14.87

6.09 5.05 4.78

0.3:| 0.30 0.36

0.91 1.60 l.(yr
3.3? 4.51 3,30

5.02 4.28 5.19

0.09 0.08 0.08

0.20 0.15 0.2L

0.65 0.x5 0.62

65.21 70.04 69.46 70t42r66.r9

0.40 0.41 0.62 0.36 0.6?

14.12 18.01 13.79 14.03 13.21

4.7L 4.82 6.06 4.78 7.n
0.28 0.26 0.82 026 0.62

1.06 1.17 0.96 1.01 1.64

3.31 2.85 2.86 3.29 3.42

5.13 5.86 5.00 4.91 5.47

0.fir 0.08 0.09 0.0? 0.04

0.16 0.14 0.19 0.15 0.35

L.26 0.67 0.66 0.3? 0.68

*all Fe as FerOr; L.O.I. = loss on ignition, measured after I
hour at 1000'C; analysis by XFR (Philips XRG8fi)0 x-ray
generator, PW 1410 x-ray spectometer, Cr target tube, machine
settings 40KV and 30MA); standards = USGS GSP-I, USGS
G2, and SDC-I; for normative minerals and traee element
analysis, see Brock, 1981.

trometer at Florida State University. All the
strontium isotopic compositions were caleulated
from analyses of sample plus spike mixture. The
85Rb/87Rb ratio was taken to be 2.5g8 (Steiger
andJager, L977).

The Rb-Sr age and initital 8?Sr/86Sr ratio on
the isochron diagram were ealculated using the
regression treatment described by York (1966).
The one-standard-deviation experimental emor
on 87Rb/86Sr was ealeulated to be 2 percent, and
the one-standard-deviation experimental error in
87Sr/86Sr was ealculated to be 0.05 percent. These
error estimates were derived from an examina-
tion ofduplicate analyses done over the past seven
years, and these estimates include sample split-
ting errors. The estimate of one-standard-devi-
ation experimental errors which do not include
an error increment related to sample splitting
are 1 percent for 8?957869" and 0.02 percent for
87Sr/86Sr. The errors assigned to the rCported age
and initial 87Sr/86Sr ratio on the isoehron dia:
gram are given at the 68 percent eonfidence level
(1 sigma). Visual examination of the fit of the
Rb-Sr isotopic datato an isoehron line is provided
by Figure 5.

As shown in Figure 5, the Mobley Mountain
granite appears to have crystallized at 652t22
m.y. ago. Other Rb-Sr studies have identified
several granitic plutons of approximately this age

87Sr/86Sr

Atomic
Ratio

87Rb

ppm

ssr
ppm

c-2 1.797

D-2 1.548

E-2 1.083

F-2 t.742
bt 0.552
M-l 1.658

N-1 L.t76
o-r 1.843

P-l 1.716

s-1 8.216

v-l 1.945

w-l 0.942

16.488 29.978

18.085 28319
18.484 20.250

16:858 29.709

40.777 22.755

t6.?28 27.2t6
t6.t27 28.969

15.648 29.166

17.650 30.638

8.451 27.494

15:378 80.260

22.804 2t.266

0.72t0
0.7183

0.7L42

0.7200

0.7w4
0.7200

0.7219

0.7n4
0.721L

0.7832

0.7250

0.7135

Analyses E-2 and S-l are not shown in Tables I and 4 but are
locatnd in Figure 2. E-2 ig from same outcrop as D2.
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Figure 5. Rb/Sr isochron diagram, Mobley Moun-
tain granite.

have led Herz and others (1981) to suggest that
the latter may represent a tin-rieh cupola area
of the Mobley Mountain granite transported to
the northwest by Paleozoie thrusting.

The widespread occurrence of tin mineraliza-
tion associated with anorogenie, fluorite-bearing,
alkaline granitic plutonism has been discussed
by Sillitoe (L974), who proposed an origin for
these stanniferous complexes by fraetionation of
mantle plumes. Such a genesis for the Irish Creek
tin greisenization is consistent with the upper
mantle origin of the Mobley Mountain granite
proposed in a preceding section.

CONCLUSIONS

The Mobley Mountain granite intruded Gren-
ville rocks of the Blue Ridge basement complex
652+22 m.y. ago. The migmatitic contacts and
petrology suggest a deep mesozonal emplacement
and the absenee of a chilled margin suggests a
low temperature gradient between the granite
and country rock during emplacement. Lower
structural levels are presently exposed along the
centerline of the pluton due to antiformal folding
concurrent with Paleozonic deformation.

The low initial strontium isotopic ratio (0.7045),
?.2-kilometer deep diapiric gravity model, Rb-
Sr age, and major-element chemistry of the Mob-
ley Mountain granite suggest that is is an alkali
granite emplaeed in a rifting continental block.

It evolved with minimal crustal involvement by
the differentation of upper mantle-derived alkali
basalt at depths below that of plagioclase stabil-
itv.
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